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Abstract 
 
Since the development of the transistor in the Bell Telephone Laboratories in 1948 [78],   the 
semiconductor industry has transformed the world we live in.  It is difficult to picture a world 
without the modern day cutting edge technology.  Imagine performing every day functions 
without “trivial” devices such as computers, cell phones or microwave ovens.   The ability to 
tailor the band gaps of various binary, ternary and quaternary semiconductor systems has 
opened up a whole new spectrum of potential purpose designed devices [27].   
This thesis focuses on the electronic properties of gallium (III) antimonide (V).  The 
antimonides, in general, have the smallest band gap and highest electron mobility of the III-V 
compound semiconductors and are well suited for long wavelength emission and detection as 
well as high frequency switching device applications.  Furthermore, III-V ternaries and 
quaternaries, such as (AlGaIn)(AsSb), lattice matched to gallium antimonide (GaSb) are 
considered serious competitors for HgCdTe and PbSe in long-wavelength infrared (LWIR) 
and very long-wavelength infrared (VLWIR) technology [4, 10, 11].  Epitaxial material 
systems based on GaSb are suitable for a wide range of applications such as missile and 
surveillance systems and a host of other military and civil applications. In addition, an 
assortment of devices on InAs, GaSb, and AlSb, including resonant tunnelling devices, 
infrared detectors and mid-infrared semiconductor lasers have been demonstrated [14, 15]. 
Furthermore, antimonide based devices could potentially reduce optical fibre power loss by a 
few orders of magnitude, as their implementation can lead to use of non-silica based optical 
fibres that minimise Raleigh scatter related power loss [8].  
GaSb related technology faces a number of challenges.  A significant amount of effort is 
required to exploit the potential it offers.  GaSb oxidises readily in the ambient, resulting in 
the formation of a native oxide layer as well as deposits of elemental antimony (Sb) at the 
oxide/substrate interface therefore it has poor surface electronic properties resulting from 
high surface state densities[4, 17, 18]. As grown GaSb is characterised by a high density of 
surface states of which many are classified as non-radiative (Auger) recombination centres. 
The elemental Sb layer constitutes an unwanted conduction path parallel to the active surface 
region [17]. The potential that GaSb and GaSb-based strained layer superlattices offer as 
successors to the current generation of LWIR and VLWIR optoelectronic materials has 
therefore been largely impeded [4].  
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Furthermore, processing steps in device fabrication leads to an unintentionally damaged 
GaSb surface exacerbating the situation. Any efforts to engineer devices of superior quality 
on GaSb have to address these and more material specific problems [19]. This study attempts 
to contribute towards an improved understanding of the structural and electrical properties of 
the near surface region of Te-doped bulk (100) and MOVPE grown epitaxial Te doped n-
GaSb. The main focus of this study is to develop means to de-oxidise and stabilize the highly 
reactive GaSb surface and to develop diode structures to demonstrate the improved interface 
characteristics and use related current–voltage (I-V) measurements to quantify the surface 
state density before and after treatment.  These devices were also used to probe the near 
surface region for electrically active deep level defects that often act as non-radiative 
recombination centers.  Au, Pd and Al were used as metals to establish a metal 
semiconductor barrier and subsequent depletion region.  
Sulphur based chemicals, ([(NH4)2S / (NH4)2SO4] + S), not previously reported for the 
treatment of (100) n-GaSb surfaces, and the commonly used passivants Na2S:9H2O and 
(NH4)2S were compared by assessing the electrical and structural properties both before and 
after treatment.  The effect of treatment on the electrical response of the material was 
determined using current-voltage, capacitance-voltage (C-V) and deep level transient 
spectroscopy (DLTS) measurements, while the surface morphology and composition were 
studied by SEM, AES and XPS.  
XPS results show the presence of Ga2O3, Sb2O3/Sb2O5 and mainly adventitious carbon on the 
surface of as-received GaSb. Treatment of the material in any of the sulphur-based solutions 
employed in this study resulted in the partial removal of these native oxides from the surface. 
Ga2O3 appears to be resistant to de-oxidation as it is only partially removed in all the 
treatments while Sb-O (both Sb2O3/Sb2O5) are more effectively removed by treating the 
surface with ([(NH4)2S/(NH4)2SO4] + S than with the more conventional treatments, 
Na2S:9H2O and (NH4)2S. A strong, theory-based argument is supplied for this observation. 
XPS depth profile studies reveal that the native oxide layer present on the GaSb surface as 
well as the sulphide layer deposited during the sulphur treatment did not exceed 8.5 nm.   
Treatment with ([(NH4)2S/(NH4)2SO4] + S), Na2S:9H2O and (NH4)2S not only partially 
removes the native oxides and form a sulphide species on the surface but 
([(NH4)2S/(NH4)2SO4] + S), and (NH4)2S, both etch the substrate. ([(NH4)2S/(NH4)2SO4] + S) 
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in particular etches quite aggressively  while Na2S:9H2O  does not seem to have an etching 
effect. 
Comparison of Au, Pd and Al Schottky contacts on as-received bulk Te-doped bulk (100) n-
GaSb shows that the reverse leakage current is high for all metallization schemes. The diodes 
are characterised by high ideality factors with Al Schotkky barrier diodes (SBDs), by 
comparison, being the least ideal. Annealing the Au Schottky contacts at moderate 
temperatures (200 °C for one minute) marginally improves the rectifying contact quality (viz. 
ideality factor and barrier height) while the Pd and Al SBDs remain unaltered. Annealing at 
higher temperatures causes deterioration of the SBD quality for Au and Pd SBDs while for Al 
SBDs generally improved up to 600 °C. 
Treatment of the GaSb surface by sulphur-based chemicals prior to contact fabrication 
generally improves the quality of SBDs on bulk GaSb. The improvement is most 
significant/effective following treatment with a ([(NH4)2S/(NH4)2SO4] + S) solution as 
evidenced by an improved barrier height, a lower reverse leakage current, a reduced series 
resistance and an ideality factor that approaches unity. The improvement can be attributed to 
a reduction of surface oxides which lower the surface state density as revealed from a 
calculation of these. Surface states act as recombination centres and are one of the reasons for 
high leakage current and lower barrier heights. Passivation of the GaSb surface prior to Au 
contact deposition enhances the thermal stability of the SBD as shown by a comparatively 
delayed deterioration of I-V characteristics probably due to the formation of sulphur bonds on 
the surface acting as a diffusion barrier.  
Au, Pd and Al SBDs fabricated on epitaxial, MOVPE grown, Te:n-GaSb layers 
(𝑛=2−5×1016 cm-3) show significant improvement in rectification compared to that 
fabricated on bulk material with Au SBDs  having the highest  barrier height and lowest 
reverse leakage current. An important feature of these diodes (unlike reported for similar 
devices) is the saturated reverse leakage current. All three metal semiconductor systems on 
epitaxial material are however still not ideal and they all have I-V characteristics suggesting 
the presence of interface states.  
The current transport of Au/n-GaSb (bulk) and Pd/ n-GaSb (epitaxial) SBDs were 
investigated by means of I-V-T measurements in the temperature range 80-330 K. The 
ideality factor increases with decreasing temperature while the barrier height, 
uncharacteristically (when compared to most semiconductors) increases with decreasing 
x 
 
temperature in both structures. The series resistance increases with decreasing temperature.  
Furthermore, a linear relationship is found to exist between the barrier height and the ideality 
factor, confirming the inhomogeneity metal-semiconductor of the barrier height.  A plot of 
the barrier height, ϕb vs kT/2 reveals a double Gaussian distribution for the barrier height 
with ϕb,mean assuming values of 0.59 eV  0.07 (80-140 K) and 0.25 eV  0.12 (140-320 K) 
respectively. The derived (from I-V measurements) interface state density is lower in the in 
epitaxial material compared to bulk material. 
We succeeded in fabricating excellent (of the best reported) Au and Pd SBDs on Te-doped 
epitaxial n-GaSb layer grown by MOVPE on bulk Te doped (100)B n
+
-GaSb.  These films 
show reasonably uniform electrical response across the surface. Conventional DLTS and high 
resolution Laplace DLTS were used to study deep levels in these epitaxial layers. Three 
prominent electron traps, 0.167 eV, 0.243 eV, and 0.295 eV below the conduction band were 
detected in this material. Ec-0.167 eV shows Poole-Frenkel emission enhancement and is 
consequently identified as a positively charged defect center.   
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Chapter 1 
Introduction 
1.1 Background 
Semiconductors have transformed the world we live in.  The last decade alone has seen the 
arrival of satellite television; cellular phones, high resolution flat screen television, ultra-fast 
computers, and these developments have been accompanied by a phenomenal reduction in 
device size with every newer model appearing. These technological advances are attributed 
largely to the exploitation of certain fundamental properties of semiconducting materials not 
possessed by their metallic and insulating solid counterparts. Typically, the conduction band 
of a semiconductor is partly filled with charge carriers at room temperature.  This enables the 
flow of charge under the influence of low to moderate electric fields.  The currents are very 
small and consequently semiconducting devices are generally low power consumers.  
Additionally and very importantly, it is possible to engineer the band gap of semiconductors 
by mixing appropriate elements in various proportions to form compounds, a process called 
band gap engineering [1], enabling the development of strategic materials for new 
applications. Furthermore, the electronic properties of compound semiconductors may be 
manipulated/ tailored by introducing impurities into the crystal lattice, a process known as 
doping, to render the material either n- or p-type, with n or p referring to either electrons or 
holes, respectively, as the majority charge carriers in the material.  This enables the 
engineering of p-n junctions used for detection, emission and high speed switching devices 
amongst others, with the operating specifications depending on the tailored band gap, the 
carrier density and other fundamental material properties [2]. 
Though elemental semiconductors like silicon (Si) and germanium (Ge) have traditionally 
dominated the semiconductor industry, compound semiconductors are in many cases 
significantly more versatile and consequently will continue to transform the electronic and 
optoelectronic industry. The antimonides have the smallest band gap and highest electron 
mobility of all the III-V compound semiconductors and are therefore suited for long 
wavelength emission and detection as well as for high frequency switching device 
development [3].  The antimonides may therefore provide a solution to a pertinent problem 
found in optical fibre communication, where the currently used silica-based optical fibre loss 
minimum is found at 1.55 μm.  
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For signal transmission in optical fibres the signal power loss, due to Rayleigh scattering, is 
reduced for longer wavelengths. Current developments in non-silica fibre technology suggest 
that it may be possible to shift the loss minima to the 2-4 μm range, with a resulting reduction 
in signal power loss of a few orders of magnitude.  As a result, there is vigorous interest in 
the development of new material systems for sources and detectors in the 2-4 μm regimes 
[4, 5].  
Another important aspect of device development is the establishment of an alternative 
technology for the detection and emission of long-wavelength infrared (LWIR, 8-14μm) and 
very long-wavelength infrared (VLWIR, 14-30μm) radiation.  These radiation windows have 
been predominantly served by HgCdTe and PbSe technologies [6, 7].  The high vapour 
pressure of Hg however makes the growth of epitaxial layers and bulk crystals of HgCdTe 
with uniform composition rather unpredictable.  Furthermore, HgCdTe is highly toxic and 
thermally unstable and is therefore considered a serious environmental hazard [8, 9]. The III-
V ternaries and quaternaries, such as (AlGaIn)(AsSb), lattice matched to gallium antimonide 
(GaSb) are considered serious competitors for HgCdTe and PbSe [4, 10, 11]. Epitaxial 
material systems based on GaSb are suitable for applications ranging from low threshold 
voltage infra-red (IR) lasers, photo-detectors with high quantum efficiency, booster cells in 
tandem solar cell arrangements for improved efficiency of photovoltaic cells, high efficiency 
thermo-photovoltaic (TPV) cells, microwave device fabrication, fire detection, IR image 
sensing for missile and surveillance systems and a host of other military and civil applications 
[4, 12, 13]. In addition, a variety of products developed from InAs, GaSb, and AlSb, 
including new high-frequency electronic devices, such as resonant tunnelling devices, 
infrared detectors and mid-infrared semiconductor lasers, have also been demonstrated [14, 
15]. Potential environmental applications include: monitoring of gas purity and trace moisture 
detection in corrosive gases such as hydrogen chloride (HCl) in semiconductor processing, 
and hydrogen fluoride (HF) and hydrogen sulphide (H2S) in chemical plants; detection of 
toxic gas leaks, in situ monitoring of plasma etching processes; monitoring of fluctuations in 
greenhouse gas content; and humidity level checks [4]. 
Despite the potential for the many applications mentioned, GaSb related technology is in its 
infancy and faces a number of challenges. Significant progress is consequently required 
before the potential that this material offers may be fully exploited.  In comparison to GaAs, 
InSb, InP and GaP the technological and material aspects of GaSb have been the least 
examined [4, 16].  
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To date, the growth of high quality material and a better understanding of the electronic and 
optical properties were the main drivers for antimonide research but more recently, the 
realization of appropriate device structures is increasingly becoming the focus of many 
research and development efforts. 
III-V antimonides in general have poor surface electronic properties resulting from high 
surface state densities. The near surface region of semiconductors by and large forms the 
active region of semiconductor devices and therefore the properties of surfaces and interfaces 
are critical to device performance. GaSb in particular oxidises readily, even at room 
temperatures, resulting in the formation of a native oxide layer, as well as deposits of 
elemental antimony (Sb) at the oxide/substrate interface.  As grown GaSb is consequently 
characterised by a high density of surface states, many of which are classified as non-
radiative recombination centres. It is clear that the presence of an elemental Sb layer 
constitutes a conduction path parallel to the active surface region, resulting in non-ideal 
behaviour of GaSb-based devices [4, 17, 18]. These factors by and large restrict the potential 
that GaSb and GaSb-based strained layer superlattices offer as successors to the current 
generation of long wavelength infrared (LWIR) and very long wavelength infrared (VLWIR) 
optoelectronic materials.  
Furthermore, processing steps employed (while proceeding from the material growth to 
device fabrication), such as wafer cutting and mechanical and chemical polishing, often 
damage the surfaces of the material [19]. In addition, GaSb may also have structural defects 
such as steps, vacancies and impurities as well as an abundance of native oxides and 
elemental Sb [20]. These factors adversely impact on the electrical and optical properties of a 
semiconductor. Any efforts to engineer devices of superior quality on GaSb will therefore 
have to address these and other material specific problems hampering its development [11]. 
1.2 Motivation  
The main foci of this study are:  
 the development of  methods to de-oxidise and stabilize the highly reactive GaSb 
surface  
 the development of diode structures to demonstrate the improved interface 
characteristics  
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 the use of  current–voltage (I-V) measurements to quantify the surface state density of 
the improved surfaces.   
 the use of appropriately developed devices to probe the near surface region for 
electrically active defects, often acting as non-radiative recombination centers in this 
material.  
 The device of choice for the above purposes was a Schottky barrier diode, mainly because of 
the ease with which it can be fabricated, but also because of its technological importance. 
Various sulphur based chemical treatments, including an ammonium sulphide based solution, 
not previously studied, were used to successfully stabilize the surface. 
1.3 Structure of this thesis 
Chapter 2 begins with a short overview of the band theory of solids, followed by a brief 
description of semiconductor statistics and the doping of semiconductors.  The physics and 
technology of GaSb, its strategic importance and the challenges impeding GaSb-based 
technology then follow. The chapter is concluded with an overview of literature reports 
relevant to this study.  Chapter 3 presents a brief account of the physics pertaining to the 
formation of rectifying metal-semiconductor (MS) contacts, as well as the mechanisms that 
control current transport through them.  A brief explanation of ohmic contact formation is 
also given.  
An overview of the primary characterisation techniques used, is given in chapter 4, while in 
chapter 5, details of the sample preparation and contact fabrication procedures are outlined.  
Chapters 6 to 10 provide details of the experimental results.  This thesis is concluded in 
chapter 11 with a summary of the main results obtained in this study and with suggestions for 
future potential research themes.  
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Chapter 2 
GaSb: Some basic theoretical and practical considerations 
2.1 Introduction 
In this chapter some of the theoretical aspects pertaining to elemental and compound 
semiconductors are discussed.  In Section 2.2 basic aspects related to the band theory of 
solids, with specific reference to semiconductors are presented.  Also discussed in the section 
is the statistics of semiconductor, used to explain the origin of the many electronic and optical 
properties of semiconductors. The doping of semiconductors is briefly touched upon in 
section 2.3, while in section 2.4 a description of elemental and compound semiconductors is 
provided. This chapter is concluded with a summary of the primary physical properties of 
GaSb and a brief look at some previous studies on the material in section 2.5.  
2.2 Some aspects of the band theory of solids    
Solids can be grouped into three categories, namely conductors, insulators and 
semiconductors.  Free atoms have discrete allowed energies as shown in Figure 1. However 
when atoms are brought together the interaction of neighbouring electronic wave functions 
results in symmetric and anti-symmetric overlap, forming a range (band) of allowed and 
disallowed energies for electrons [21]. These permitted bands are separated by forbidden 
gaps in which electron occupation is not allowed. Electrons with the highest energy will 
occupy the valence band which is separated from the conduction band by a range of 
forbidden energies, generally referred to as the band gap of a semiconductor (or an insulator). 
Figure 1 shows (a) the discrete energy levels of an isolated atom and ((b) and (c)) the valence 
and conduction band separated by a forbidden energy gap (in the case of insulators and 
semiconductors respectively). In Figure 1 (d) the coincidence of the valence and conduction 
band for metals is shown.  
Conduction in solids is determined by the availability of electronic states in the conduction 
band.  For insulators, even though there are many empty states available in the conduction 
band, the forbidden energy gap between the valence and conduction band is so large that 
excitation of electrons into these states, under moderate electric potentials and temperatures, 
is highly improbable. Conversely, for conductors the valence band overlaps with the 
conduction band, making electrons readily available for conduction, even at very low 
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temperatures.  Regarding semiconductors, the forbidden gap (Eg) is sufficiently small for 
electrons in the valance band (VB) to be excited into empty states in the conduction band 
(CB) by the addition of a small amount of energy, typically between 0.2 eV and 2 eV for 
most III/V semiconductors.  This energy may be provided thermally(    ), optically 
 (    ), or through lattice phonons (    ). Consequently in the case of 
semiconductors, the thermal energy available at room temperature is sufficient to ionize 
atoms and allow electrons to be promoted to available states in the conduction band.  
Furthermore, the population of free carriers occupying empty states in the conduction band 
can be enhanced significantly by adding impurities (foreign atoms) to the lattice. This will 
considerably alter electrical properties such as the free carrier concentration (   ), 
conductivity (    ) and the mobility(    ) of semiconductors [21, 22].   
The Fermi level - defined as that energy level for which the probability of filling is exactly 1 
at 0 K and 0.5 at higher temperatures - is an important parameter in the band theory of solids.  
The energy position of the Fermi level (with respect to the conduction band) largely 
determines the electrical properties of a solid.  The position of the Femi level for insulators, 
intrinsic semiconductors and metals respectively is depicted in Figure 1. 
 
Figure 1: A schematic representation of the energy levels of an isolated atom (a) as well as the energy 
bands of an insulator (b), a semiconductor (c), and a conductor (d) [22].  Evac is the vacuum level 
energy, the energy of an electron just free from a material placed in a vacuum. 
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2.2.1 Fermi-Dirac statistics  
Next a brief account of the statistics governing the energies of single particles in a 
semiconductor crystal lattice, obeying Pauli’s Exclusion Principle, is presented.  The 
discussion considers a unit volume of a particular semiconductor crystal at 0 K.  The number 
of electrons n contained in it will occupy available energy levels from zero to the Fermi level 
( FE ) according to the following equation [21, 22, 23] 
 
dEmE
h
m
dn 8)2(
3
         (2.1) 
 
where, m is the mass of an electron and dn is the number of electrons having energies lying 
between E and E + dE. The value of FE  can therefore be calculated from 
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It follows from the definition of the Fermi level, at 0 K that all energy levels below the Fermi 
level must be filled with electrons while those above it are empty.  According to Fermi-Dirac 
statistics, raising the temperature will promote electrons to higher unoccupied states, 
therefore reducing the probability of filling P(E) at the Fermi level given by 
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Thus, at a finite temperature T, equation 2.2 becomes   
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where E΄, the upper boundary of this integral, represents the energy at the top of the 
conduction band.  Since in most cases kTEE F /)(   is much greater than unity, eq. 2.3 may 
be approximated by 
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Equation 2.4 consequently becomes  
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2.2.2 Charge carriers: Holes and electrons 
As already stated, the addition of thermal energy promotes electrons from low energy states 
into unoccupied conduction band states.  For every electron being promoted, in the case of 
intrinsic semiconductors, a hole (with an effective mass different from that of an electron 
owing to a different conduction mechanism) is created in the valance band.  The number of 
electrons that occupy states in the conduction band is given by [23] 
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where Ec  is the energy at the bottom of the conduction band.  The number of holes, p, is 
similarly obtained by integrating 
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where Ev is the energy at the top of the valence band.  For an intrinsic semiconductor 
(subscript i) with electron and hole effective masses given by mn and mp respectively, the 
electron and hole concentrations are obtained by integrating equations 2.7 and 2.8 
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where CN  and VN  are the conduction and valence band densities of states respectively.   
Equating equations 2.9 and 2.10 gives 
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This equation shows that that unless mn and mp are very different, the Fermi level is 
“positioned” in the middle of the band gap.  Conversely, multiplying equations 2.9 with 2.10 
gives 
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According to equation 2.12, the number of holes and electrons in a given semiconductor 
depends on the electron and hole masses, the band gap and the temperature. [23]. 
 
2. 3 p- and n-type semiconductors 
Figure 2 depicts the band structures of n- and p-type semiconductors which contain donor - 
and acceptor-like impurities.  Carrier type dominance is achieved by substituting host atoms 
in the lattice by impurity atoms, having either more or less valence electrons than the host.  
As an example Si, a group four element, can be doped with a pentavalent atom such as 
phosphorus. The fifth electron, not taking part in bonding, will be loosely bound and the 
addition of energy, a small fraction of the band gap, will free this electron, making it 
available for conduction.  In terms of the band structure model, a donor level close to the 
conduction band has now been introduced.  The presence of donor impurities (similar for an 
acceptor) effectively reduces the forbidden gap from EC – EV to EC - ED, where ED is the 
donor energy level as shown in Figure 2(a).  Consequently, temperatures too low to excite 
valence electrons will be sufficient to ionize the shallow donor (or acceptor) levels and 
promote electrons from them into the conduction band.   
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A similar argument is valid for doping the Si lattice with a trivalent atom such as boron.  
Here however, only three electrons are available for bonding with a “vacant” site, a so-called 
hole, able to receive an electron from a neighbour.   An impurity with fewer electrons than 
the host is called an acceptor impurity as is shown in Figure 2(b).   
 
 
 
  
 
  
 
 
 
 
 
Figure 2: Donor (a) and acceptor (b) impurity levels inside the forbidden gap (redrawn from [23]). 
Such an impurity will attempt to compensate for its electron deficiency by accepting an 
electron from a nearby native atom (i.e. the valance band) leaving a hole in the valence band.  
Electrons in the valance band therefore migrate from hole to hole under the influence of an 
electric field, the equivalent of a hole moving in the opposite direction.  
Often a semiconductor will contain both donors and acceptors simultaneously.  In this case, at 
low temperatures, electrons from donors are captured by acceptors until all the acceptors are 
filled in a process called compensation.  This will happen if ND  > NA, or else all the donors 
may be emptied if NA  > ND, where NA is the number of acceptor impurities and ND, the 
number of donor impurities. Two possible situations may occur [23] 
(i) If ND > NA, the material is effectively n-type with ND - NA net donors. 
(ii) If NA > ND, the material is effectively p-type with NA – ND net acceptors. 
 
In such materials, the conduction band is constantly exchanging electrons with the donor and 
acceptor levels and the valence band.  The valence band in the meantime exchanges holes 
with the acceptors, the donors and the conduction band [23].   
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2.4 Elemental and compound semiconductors 
Si (with Eg of 1.2 eV), Ge (0.76 eV) and Se (1.5 eV), are largely used in basic electronic 
devices [23]. For more advanced electronic and opto-electronic applications, more 
sophisticated, purpose designed semiconducting materials and structures are required.   
Additionally the detection and emission of infrared radiation require semiconductors with 
energy gaps capable of detecting wavelengths in the range 1 < λ < 20 μm [24] translating to a 
band gap range of 0.25 to 1.2eV.  This energy range is beyond the capabilities of elemental 
semiconductors whose fixed band gaps cannot serve this entire energy range.  A way around 
this dilemma is to combine two, three or even four elements to form a binary, ternary or 
quaternary compound semiconductor, thus providing a method of engineering the band gap 
of semiconductors [23].   
 
Furthermore, electron masses in the direct band gap materials are usually lower than for 
indirect gap materials, resulting in higher carrier mobility, and rendering them more useful 
for high frequency switching applications.  Examples of binary compound semiconductors 
are gallium arsenide (GaAs), indium arsenide (InAs) and gallium antimonide (GaSb) which, 
when combined, enable the engineering of ternary or quaternary compound semiconductors 
for which the band gaps can be finely tuned.  
2.5 The physics and technology of Gallium Antimonide 
2.5.1 Introduction 
Since this study focusses on the electrical properties of GaSb, it is appropriate to emphasise 
the fundamental properties that render the material so desirable.  GaSb crystallizes into the 
zinc-blende structure (see Figure 3).  This structure can be viewed as two interpenetrating 
face-centred-cubic (fcc) lattices, displaced by a quarter of a body diagonal, with group III and 
V atoms located on different sub-lattices.  Each Ga atom has four tetrahedrally arranged Sb 
neighbours, and vice versa.  Three sets of conduction band minima contribute to current 
transport (See Figure 5).  The lowest minimum being at Г (at the centre of the Brillouin 
zone), then a slightly higher minimum and an even higher minimum at the surface of the 
Brillouin zone in the form of L-points and X-points respectively [4, 20, 25].  
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Figure 3: The zinc-blende crystal structure. The black and white spheres represent Sb and Ga atoms 
respectively [26]. 
 
Considering III-V compound semiconductors, GaSb is often referred to as an intermediate-
gap semiconductor, because its band gap of ~0.81 eV at 0 K, is neither as wide as that of 
GaAs or InP, nor as narrow as that of InAs or InSb [27]. The band gaps of GaSb and various 
alloys can be engineered to cover a wide spectral range from ~ 0.30 to 1.58 eV (or 0.8 - 4.3 
μm) as illustrated in Figure 4.  Additionally, inter sub-band absorption in antimonide-based 
super-lattices has the potential to detect longer wavelengths ranging between 8 and 14 μm, a 
factor that has propelled interest in GaSb for basic research as well as for device fabrication 
[4].  
Bonding in GaSb consists of a mixture of covalent and ionic bonds.  The ionic character (a 
measure of the difference in electron affinity between the two atomic species Ga and Sb, in 
this case) is 0.33.  GaSb crystals tend to cleave along the (110) plane, as it is a non-polar 
plane [26].  In a perfect GaSb crystal the polar (100) and (111) surfaces are constructed  from 
layers of either all Ga or all Sb atoms due to the alternate arrangement of the anion and cation 
layers parallel to the surface, whereas the (110) surface consists of equal numbers of Ga and 
Sb atoms [20].   
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Figure 4: The band gap energy (and related wavelength) as a function of lattice constant for various 
III-V compound semiconductors at room temperature [28]. 
The (100) surfaces contain both Ga and Sb, and are stepped as a consequence of the diagonal 
displacement [4, 20]. However typical surfaces are hardly ideal and the final atomic 
arrangement depends on the method of preparation and the chemical composition of the 
surface.  Technological processes such as cutting, smoothing, and polishing (chemically and 
mechanically) inevitably damage the surface, resulting in the formation of numerous defects 
such as steps, vacancies, contaminants and native oxides, which cause lattice strain or stress.  
Surface impurities may be physi-sorbed or chemi-sorbed ions, organic materials, and stable 
and unstable chemical compounds [29].  
As mentioned in chapter 1, the development of near ideal Schottky contacts on GaSb has 
been hindered severely by surface oxidation, leading to an inhomogeneous interface. 
Furthermore, compared to other III-V material surfaces, GaSb is most reactive and readily 
forms a native oxide layer [29].  This is a major problem for GaSb device technology since 
the active region of devices is confined to the near surface region of the material it is 
fabricated on.  SBDs on GaSb are typically very leaky and are characterised by poor 
rectification ratios, making these devices rather noisy and consequently ineffective. This 
leakage has mainly been attributed to the presence of surface and interface states, surface 
Lattice Constant [   
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Fermi level pinning and native oxides present on the surface [30, 31, 32].   Any improvement 
in the surface electronic properties will therefore advance the GaSb technology.  
 2.5.2 Band Structure 
Information on the band structure of GaSb has been obtained from a variety of experiments.  
One of its characteristic features is the small separations between the lowest conduction band 
minimum at (0,0,0) and the subsidiary minima in the <111> and <100> directions of the 
conduction band.  These are particularly helpful in interpreting the properties of doped 
material under high pressure conditions [33]. Figure 5 depicts some calculated energy bands 
along the major symmetry axes in GaSb. 
 
 
 
 
 
 
 
 
 
 
Figure 5: Some calculated energy bands of GaSb along the major symmetry axis (from [34]). 
 
 
Table 1 lists some of the important material properties of GaSb at room temperature. 
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Table 1: Material properties of GaSb (compiled from Ref [4, 25, 35, 36, 37]). 
 
Lattice Constant ( ) 6.0959 
Density (gcm
-3
) 5.6137 
Melting point (K) 985 
Debye temperature (K) 266 
Coefficient of thermal expansion (10
-6 
C
-1
) (at 300 K) 7.75 
Thermal conductivity at 300 K (W cm
-1 
K
-1
) 0.39 
Direct energy gap at 300 K (eV) 0.725 
Direct energy gap at 0 K (eV) 0.822 
Electron affinity (eV) 4.06 
Spin-orbit splitting energy, Δo(eV) 0.80 
Effective mass of electrons (in units of mo (free electron mass)) 0.0412 
Effective mass of holes (in units of mo) 
Heavy hole mass (in units of mo) 0.28 
Light hole mass (in units of mo) 0.05 
Spin-orbit split mass  (in units of mo) 0.13 
Wave number of LO phonons (cm
-1
) 233.0 
Wave number of TO phonons (cm
-1
) 224.0 
Dielectric constant  15.7 
Density of states in the conduction band, NC (x10
17
 cm
-3
) 2.1 
Density of states in the valence band, NV (x10
19
 cm
-3
) 1.8 
 
The temperature dependent band gap reported by Subekti [38] has a typical Varshni [39] 
empirical form 
)()0()( 2   TTETE gg         (2.15) 
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Figure 6 depicts an equilibrium phase diagram of the oxygen – GaSb system.  In this 
diagram, no reaction is deemed possible between elements connected by a tie (solid) line.  In 
contrast, two elements or compounds not connected by a line will react.  The products at each 
end of the tie lines, cut by a line connecting the two reactants are a result of a reaction 
between the two [29].  
 
Figure 6: Phase diagram of GaSb with O (redrawn from [29]).  
 
A native oxide layer on GaSb is formed in the ambient at room temperature as follows 
[29, 40] 
3232232 OSbOGaOGaSb         (2.13) 
However Sb2O3 cannot exist in thermodynamic equilibrium with GaSb and thus will react 
with the available GaSb as described by the following reaction: 
 
SbOGaOSbGaSb 42 3232         (2.14) 
 
This reaction consequently results in a GaSb surface characterised by a native oxide layer 
(consisting of both Sb2O3 and Ga2O3), together with elemental Sb (a few monolayers).  
Elemental Sb is metallic and is likely to form at the oxide/GaSb interface [29, 31, 41].  It is 
believed that this elemental Sb layer is largely responsible for parallel conduction paths and 
together with other surface states, responsible for the high leakages currents observed in 
rectifying devices such as Schottky barrier diodes fabricated on this material. 
 
Ga 
 O 
GaSbO4 
Ga2O3 
Sb GaSb 
Sb2O5
O 
Sb2O4 
Sb2O3 
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It is instructive to note that poor surface properties, unrelated to the bulk of this 
semiconductor, lead to the formation of electronic states in the forbidden gap (discussed in 
Chapter 3).  This causes the Fermi level in the semiconductor to be pinned, a phenomenon 
possible, even with modest surface state densities of around 10
12
 cm
-2
.  As a result, surface 
properties such as surface conductivity, surface recombination velocity and mobility of 
carriers are adversely affected [29]. 
2.5.2 Surface treatment of GaSb 
For reproducible and efficient device fabrication, mechanical damage, contamination and 
native oxides on semiconductor surfaces must be minimized [11, 29]. Thus prior to device 
fabrication, it is critical that the layer damaged by cutting and polishing be removed, the 
surface deoxidized and organically cleaned.  In order to further improve the surface quality a 
process known as chemical surface passivation is frequently used in device engineering and 
manufacturing. Chemical passivation of a semiconductor surface involves the intentional 
deposition of an insulating layer with the purpose of providing chemical and electrical 
stability to the surface by isolating the surface from the environment.  Through passivation, 
the surface states will acquire energies in either the conduction or valence bands, where they 
no longer act as charge traps. Equally, recombination centres are reduced on the surface or 
they become inert [42]. 
Although passivation can involve the deposition of a relatively thick insulating layer on III-V 
semiconductors (native oxides included) by means of such methods as thermal or plasma 
oxidation, anodization and epitaxy, it is the passivation through the modification of the 
surface atomic structure, using sulphur and selenium, that has shown particularly encouraging 
results [42]. Sandroff et al. [43] initially proposed the use of chalcogen based passivation 
agents and showed that treatment with an aqueous Na2S:9H2O solution improved the 
characteristics of AlGaAs/GaAs bipolar transistors [42]. Most of the early chalcogen based 
passivation efforts on III-V semiconductors were performed on GaAs and some of the 
aqueous solutions used included (NH2)2S, (NH4)2S, P2S5/(NH4)2S, P2S5/NH4OH, K2Se, S2Cl2, 
Na2Se/NH4OH, Se/NH4OH and SeS2 [42, 44, 45, 46]. In addition, treatment in non-aqueous 
solutions such as benzene and alcohols has been performed, sometimes accompanied by the 
addition of heat and photo-illumination.  This treatment has yielded positive results as 
evidenced by enhanced PL intensity and device improvement, noted through a decrease in the 
surface recombination velocity, the reverse leakage current, surface and interface density and 
higher thermal stability of contact [42, 47, 48, 49, 50, 51, 52].  
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Most reports on passivation were aimed at explaining the effect on device performance 
resulting from passivation rather than focussing directly on the surface chemistry of the 
passivated surface [53]. An attempt is therefore made here to summarize some reported 
results of physicochemical processes, involving the treatment of III-V semiconductors with 
commonly used passivants.  
 
The chemistry of chalcogenide passivation on III-V semiconductors has been under scrutiny 
since the early 1970s [42]. Next follows a description of the chemical processes involved 
upon treatment of the GaSb surface with sulphur based chemicals. Figures 7 to 9 depicts the 
three-step process which occurs during the formation of a sulphide coating, with the atomic 
species Sb and Ga replacing A and B originally used for illustration in reference [42]. The 
three steps are 
 breaking of bonds between group III and V atoms, respectively, and removal of the  
oxide layer.  
 transfer of electrons from the semiconductor to the solution 
 the formation of chemical bonds between the semiconductor and sulfur atoms. 
 
 
 
Figure 7: Etching of the surface by a sulphur based solution.  Here A and B in the reference have been 
replaced by Sb and Ga [42].   
In the case where an inorganic sulphide solution is used, the coating is formed as described 
by the following reaction [42] 
 
                  (     )      (  
 )           
      (2.15) 
where R represents a  hydrogen atom in aqueous solutions and an alkyl group when alcohol 
based solutions are used.  
Oxides 
 Oxides 
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The stoichiometric coefficients x′ and y′ (x′′ and y′′) can assume values between I and V. The 
oxidation of Sb and Ga and the reduction of H are depicted in Figure 8.  The processes are 
described by the following reactions [54] 
 
         (     )   (   )            (2.16) 
 
                     (2.17) 
 
 
Figure 8: Sb and Ga are oxidised through the loss of electrons while hydrogen is reduced [42]. 
In the final step of the passivation process, sulphur ions from the solution bond with the 
semiconductor ions in which one of the characteristic zinc-blende lattice bonds has become 
irrelevant as its electrons either enter the solution or are transferred to another semiconductor 
state such as a surface state or the conduction band. The S attachment to the surface is shown 
in Figure 9. 
 
Figure 9: Sb and Ga ions eventually bond with sulphur ions (in [42]). 
 
Passivation is sensitive to temperature, light, concentration of sulphur atoms and the pH of 
the solution [42].  
The detailed chemistry proposed for the three passivants used in this research, namely 
Na2S:9H2O, (NH4)2S and ([(NH4)2S/(NH4)2SO4] + S) is summarised in Chapter 6. 
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As mentioned earlier, passivation generally improves the quality of III-V semiconductor 
devices. Results reported for related devices fabricated on GaSb, following similar device 
processing steps are however rather different.  The determination of the true Schottky barrier 
height for thermionic emission of electrons has remained rather contentious and many factors 
including the quality of the semiconductor material will influence device quality [55]. A 
literature survey on parameters of Shottky barrier diodes on n-GaSb, from as far back as 1963 
[56] to as late as 2012 [57], confirms the diverging results obtained for devices on GaSb, in 
particular SBDs on n-GaSb. Metals most frequently used for rectifying contacts on GaSb are  
Au and Al. Table 2 lists a summary from literature of Schottky barrier diode parameters 
(fabricated on n-GaSb) , following various chemical treatment procedures.   
Table 2: Summary of device parameters for Schottky barrier diodes fabricated on n-GaSb as obtained 
from literature. 
  
Metal Material 
 
Doping 
(ND)/cm
-3 
Ref. Deposition Pre-deposition Treatment 
 
n 
(dV/dlnI) 
ϕb,RT (eV)  
I-V        C-V 
Au bulk (100) Te (1017) [17] e-beam Degreased 
-(i)HCl-5min 
-(i)+ Na2S(aq) -1hr 
-(i) Na2S (nonaq) -1hr 
2.54 
1.89 
1.55 
1.17 
0.42 
0.46 
0.53 
0.61 
 
Au 
In 
Pd 
Al 
Ga 
Sb 
bulk (100) Te(1-2×1017) [58]  
 
 
T 
Br2-methanol etch /CH3COOH-
HNO3-HF(40:18:2,40s)+HCl-
HNO3(30:1, 5°C-1min)+ 
(NH4)2S(10-30min) 
 
2-2.5  
 
0.6 
0.6 
0.6 
0.65 
0.5 
0.55 
Au 
 
bulk (100) Te(1-5×1017) [31]  
T 
-Br2-methanol etch 
- Na2S:9H2O (20°C, 15 min) 
-(NH4)2S (60°C, 15 min) 
2.30 
1.30 
1.16 
0.22 
0.32 
0.41 
0.60 
0.56 
0.52 
Au 
 
bulk (100) Te(2-7×1017) [59]  
T 
-HCl etch, 5 min 
-HCl +(NH4)2S:H2O 
-Br2-methanol etch+(NH4)2S:H2O 
>1.9 
1.22 
1.17 
0.54 
0.51 
0.55 
0.84 
0.65 
0.64 
Al epitaxial Te(1.7×1015) [60] P -not specified 1.20 0.44 0.48 
Al bulk (100) Te(3x1015) [61]  
T 
-Degreased 
-(NH4)2S, 5 min 
1.13 
1.10 
0.49 
0.55 
 
Al epitaxial Te(1.4×1018) [62] P - HCl: H20 3.60 0.57 0.64 
Au epitaxial SnTe(6×1016) [63] T -not specified 2.0-2.5 0.46  -0.50 
Al bulk(100) Te(6-9×1017) [64] T - HCl: H20 2.00  0.62 
Au bulk (100) Te(2x1017) [29] 
 
 
T 
- HCl-HNO3(30:1, 5°C-
0.33min)+ HCl:H2O, 1 min 
-16% Na2S, RT-10min 
-21%(NH4)2S, RT-30min 
1.2-1.3 
1.18 
1.03 
0.45 
0.52 
0.49 
 
Al epitaxial S(2×1017) [55] P -not specified - 0.56-
0.57 
0.56 
most 
metals 
GaSb - [65] - -not specified - - 0.6 
Ag 
Al 
Sb 
Au 
Ga 
Bulk(110) 
-oxidised 
Te(2-6×1017) [66]  
 
P 
-Degreased 2.1-1.9 
2 
2.9-2.6 
2.1-1.7 
2.3-1.8 
0.38-0.44 
0.39-0.40 
0.47-0.48 
0.42-0.48 
0.49-0.52 
Ag 
Ga 
bulk (110) Te(2×1017) [66] P -Degreased 2 
2-2.2 
0.33-0.35 
0.52-0.55 
Cr 
Ni 
bulk (110) Te(1.-×1017) [66]  
P 
-Degreased 1.95-2.1 
1.7-1.8 
0.4 -0.405 
0.43-0.44 
30 
 
Au bulk (111) Te (1x 1017) 
0.6×1017 
0.42× 1017 
[67] 
 
 -(i)HF:HN03:H20 (1:1:50, 5 sec) 
-(i)+HCl+RuCl3 
-(i) K2PtC16 
3 
2.1 
1.54 
 0.55 
0.65 
0.68 
Ni bulk(100) Te(1×1017) [57] T -HCl 1.43 0.43 
Au bulk (100) Te (7-8× 
1017) 
[68] T -HCl + (NH4)2S, 3 min at 50 °C 3.9 0.24 
Au bulk (100) Te (1× 1017) [69]  
T 
CH3COOH:HNO3:HF(40:18:2, 
20S at RT)+ HCI:HNO+ HCI 
coat+ 250°C thermal treatment 
1.03 0.5
8 
0.57 
Au GaSb - [56] - -not specified -  0.6 
Au epitaxial 
(100) 
Te (4× 1016) 
Te(1× 1017) 
[70] - - 3H2SO4 + 1H202  0.6 
Au GaSb  [71] - -not specified - 0.6 
Au epitaxial Te(3-5× 1016) [16] T -HCl + HF:H2O + thermal 
treatment at 125°C 
1.2  0.47 
Notes 
* any passivation is preceded by an etching step and all samples were normally degreased before passivation 
* T:thermally evaporated  
* P:photolithography  
* e-beam:- electron beam deposited 
*  ϕb,RT: Barrier height measured at room temperature 
 
As is evident from the reported device parameters listed in Table 2, fabricating devices of 
superior quality on GaSb is clearly a problem [31, 56, 58, 70, 71].  Some authors report 
barrier heights of around 0.6 eV, which is inconsistent with the “(2/3) Eg rule”, while others 
report values consistent with the rule, suggesting Fermi level pinning [60, 66, 68]. There is 
clearly a lack of reproducibility in device fabrication.   By all accounts, the surface quality 
seems to play a significant role in the observed inconsistent device quality. The data in Table 
2 also suggests that treatment of the GaSb surface via etching and passivation improves the 
surface properties, leading to enhanced device quality [20, 31, 58, 72]. 
In conclusion, this thesis presents results on an alternative chemical “passivant” for 
stabilizing the GaSb surface, in addition to previously reported sulphur based chemicals, 
Na2S.9H2O and (NH4)2S, by treating it in a sulphur blended [(NH4)2S04/(NH4)2S] solution. 
The surfaces were extensively studied by scanning electron microscopy (SEM), Auger 
electron spectroscopy (AES) and X-ray photoelectron spectroscopy (XPS) in order to 
elucidate the surface chemistry and morphology of the sulphurized GaSb surface.  
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Chapter 3 
Metal Semiconductor Contacts 
3.1 Introduction 
In this thesis, the effect of surface treatment on the bulk and epitaxial GaSb:Te used in this 
study was assessed by comparing the properties of Schottky barrier diodes  fabricated on this 
material, before and after treatment.  This chapter therefore provides a brief overview of the 
physics of metal-semiconductor (MS) contacts and the current transport mechanisms used to 
explain the current flow through these Schottky barrier diodes.  For these measurements, low 
resistance ohmic contacts were essential.  The properties of ohmic contacts and their 
formation will consequently also be discussed.   
3.2 Brief history 
The metal-semiconductor (MS) rectifying contacts date back to the late 1800s with the first 
report attributed to Braun appearing in 1874 [73].  He noted that the total resistance of the 
MS contacts depended on the polarity of the applied voltage and importantly, also on the 
conditions of the surface on which the metal was deposited. In principle, MS contacts could 
therefore be used as detectors, emitters and switching devices and thus become an integral 
part of device technology.  The importance of these devices was demonstrated when radio 
wave and radar detectors were developed during the Second World War.  Moreover, it has 
been demonstrated that clamping diodes improve the switching speed of bipolar integrated 
circuits [74]. A thorough knowledge of the charge transport behaviour in MS contacts is 
imperative for understanding and predicting device behaviour.  As early as 1938, Schottky 
and Mott formulated a theory for the transport of carriers in MS contacts [71, 73, 75]. As 
devices became more sophisticated, refinement to and derivatives of this model were 
developed that rather accurately simulate the reverse and forward characteristics of SBDs by 
taking aspects such as the presence of surface states, trap assisted tunnelling and non-uniform 
barrier heights, for example, into account.  These aspects are particularly relevant to GaSb 
because of its very reactive surface.  A brief summary of theoretical aspects pertaining to MS 
contact formation is presented next.  
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3.2.1 Barrier formation 
Before describing MS contact formation and the resulting barrier, the following relevant 
parameters are defined (for this purpose, consider Figure 10 (a) which shows the band 
structure of a metal and a semiconductor in isolation (i.e. before contact) and Figure 10 (b) 
(after contact) 
i) The Fermi level (  ): that level for which the probability of filling at T > 0 K is 
50%. For a metal this level is in the conduction band whereas for intrinsic 
semiconductors the level is positioned in the middle of the band gap. For doped 
semiconductors the position of the Fermi level is a function of the doping 
concentration and lies towards the upper half and lower half of the band gap for n-
type and p-type material respectively. 
ii) The metal work function (  ):  the energy necessary to free an electron from the 
metal i.e. the energy difference between the Fermi level and the vacuum level. 
iii) The semiconductor work function (  ):  the difference in energy between the 
Fermi level in the semiconductor and the vacuum level.  
iv) The electron affinity (  ) of the semiconductor: the difference in energy between 
the lower edge of the conduction band and the vacuum level.  
v) The symbol   , defined as  
  
 
  
  
  
  is used to designate the energy difference 
between the Fermi level and the bottom of the conduction band of the 
semiconductor. Here          are the density of available conduction band 
states and the donor density respectively.  
vi) The built-in potential,     (at times referred to as the zero bias potential) is given 
by the difference between the work function of the semiconductor and that of the 
metal or is simply the difference between the barrier height and      
vii) The depletion region is that near surface region of a MS contact depleted of 
electrons that diffuse across the barrier to the metal in order for equilibrium to be 
established.   
The formation of MS barriers may either be ideal or non-ideal.  In the first case, an intimate 
contact between the metal and the semiconductor has been formed and no surface impurities 
or dangling bonds that may give rise to energy states within the band gap are present.   In the 
non-ideal case, the surface states are indeed present and must be considered. 
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Next a brief account of barrier formation between a metal and an n-type semiconductor is 
provided [26]. 
3.2.2 The ideal case  
Consider Figure 10 (b). As a result of the difference in work function between the metal and 
the semiconductor (SC), electrons in the SC occupy higher energy states compared to those in 
the metal.  There therefore exists a chemical potential (Fermi level) difference between the 
metal and the SC with the “diffusion gradient” towards the metal.  The metal consequently 
acquires a build-up of negative charge while the semiconductor becomes depleted of 
electrons (that belonged to the now ionised donor atoms closest to the MS interface).  An 
electric field is therefore established at the interface which extends into the semiconductor.  
Electrons consequently migrate from the metal to the semiconductor until equilibrium is 
established.  In the process, the Fermi level in the SC moves to lower energy values in 
accordance with the definition thereof until the Fermi levels of the metal and semiconductor 
align.  The ensuing barrier, referred to as the Schottky barrier (SB) has a height, given by 
 [71, 76]   
                 (3.1) 
 The barrier height is therefore the difference between the metal work function and the 
electron affinity of the semiconductor. The case described thus far is for an ideal contact. In 
reality MS contacts are however made from semiconductors with imperfect surfaces that 
contain numerous surface states.  These states establish their own equilibrium with the bulk 
of the semiconductor before the metal contacts are deposited. 
Figure 10 depicts the energy band relation of a metal and an n-type semiconductor without 
surface states (a) before and (b) after contact.  
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Figure 10: The energy-band diagrams of a metal/n-type semiconductor system (a) before and (b) after 
contact with Sm qq     [71]. 
3.2.3 The non-ideal case 
As already mentioned, in reality the surface of a semiconductor contains unsaturated 
(dangling) bonds which, upon exposure to the ambient conditions, will become saturated or 
partially saturated by a layer of ad-atoms, most likely oxygen.  The crystal structure at the 
surface is therefore different from that of the bulk, causing changes in the allowed Tamm-
Shockley energy states.  The available states in a semiconductor are defined by solutions to 
the Bloch function.  According to Bloch’s theorem, the wave vector in the wave function [77, 
76] 
)()( ruer k
ikr
k   
(3.2) 
can assume complex values. These complex values correspond to exponentially damped 
wave functions, not allowed in a perfect crystal as they would be specifying a location in the 
crystal not corresponding with the translational symmetry (periodicity) of the lattice [77]. In 
addition, the mere presence of a surface interrupts the periodicity and permits for the 
existence of imaginary components resulting in states that are located at the surface for which 
the function amplitudes decay over a few lattice constants.  The energy levels of these states 
are found inside the forbidden gap and are generally referred to as surface states. 
Charge neutrality (for an intrinsic semiconductor) requires that the number of filled surface 
states be equal to the number of electrons that were removed from the bulk valence band. The 
energy level up to which the surface states are filled in the intrinsic semiconductor is decided 
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by charge neutrality and is thus sometimes referred to as the charge neutrality level or charge 
neutrality chemical potential [77]. 
3.2.4 Fermi-level pinning 
The density of the mentioned surface states can be as high as 10
15
 cm
-2
.  Now, consider an n-
type semiconductor for which the free carrier concentration (volume density of ionized 
donors) is ~ 10
17
cm
-3
.  If one assumes a region near the surface of say 0.1 m (110-5 cm),  
that will “donate” electrons to assist with neutralizing the surface, a saturated surface state 
density of ~10
12 
cm
-2 
will ensue. This means that to achieve equilibrium between the surface 
and the bulk, “depletion” (over and above depletion resulting from ideal MS contact 
formation) must occur.  The Fermi level of the bulk therefore gets “pinned” to the surface, 
allowing the surface properties to dominate the electrical and chemical behaviour of the 
material. It is therefore clear that surface states will play an important role during device 
fabrication and subsequent operation.   
3.2.5 The junction depletion region and electric field 
The formation of the barrier height and the depletion region were discussed in section 3.2.1.  
Since the Fermi energy is higher at the surface of the semiconductor than in the metal, a 
potential gradient is established.  However in the bulk, the Fermi energy for n-type material is 
positioned in the upper half of the forbidden gap and depends on the doping density. In 
equilibrium, the Fermi energy in the bulk aligns with that at the surface. This causes the 
bands to bend as the energy gap between the surface and the bulk is closed. In other words if 
V(0) is the potential that initially separates the bulk and the surface Fermi levels, then the 
bulk Fermi level must shift downwards by this amount for equilibrium to be established [77]. 
As already mentioned, the donor atoms in the depletion region are assumed to be ionised 
resulting in a space charge density 
DqN   (3.3) 
Assume that the depletion region extends into the bulk by an amount     
. 
 Poisson’s 
equation for the z dependence of the potential  ( ) within the depletion region ranging from 
         is given by 
s
DNq
dz
Vd

2
2
2
  
(3.4) 
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This implies that 
2
2
)(
2
)( dep
s
D zz
Nq
zV 

        (3.5) 
The assumption that     at the surface results in following expression for the potential at 
the metal/semiconductor interface 
 
s
depD zNq
V
2
0
22
          (3.6) 
Equation 3.6 then quantifies the degree of bending required to achieve equilibrium between 
the metal/semiconductor interface and the bulk of the semiconductor, which is depicted for a 
“clean” surface in Figure 10.   Figure 11 on the other hand illustrates the concept of band 
bending at the surface of a n-type semiconductor that contains surface states.  
  
Figure 11: The band structure at the surface of an intrinsic semiconductor (a), and a n-type 
semiconductor before (b) and after (c) equilibrium. The respective field and charge distribution are 
also shown. Grey shading indicates occupied states. Here EFs is the surface Fermi level while EF is the 
semiconductor Fermi level (redrawn from [77]). 
It is clear from eq 3.5 that the electric field (the z-dependent derivative of ( ) ) is given by 
                (3.7) 
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The electric field and charge density distribution of the MS depletion region are also shown 
in Figure 11. 
3.3 Current transport processes 
Majority carriers are largely responsible for current transport in MS contacts. Figure 12 
depicts the current transport processes of a forward biased rectifying metal/n-type 
semiconductor contact system. 
 
 
Figure 12: The four current transport processes of a MS contact under forward bias (in [71]). 
 
It is instructive to note that, in the case of Schottky barrier diodes, the current is attributed 
predominantly to the flow of majority charge carriers across the barrier, whereas for p-n 
junctions the primary source of current is electron-hole recombination in the depletion region.  
Considering that equilibrium is established, the current across a SBD is zero.   
This implies that the algebraic sum of the flow of all charge across the barrier (drift and 
diffusion) is zero.   The four basic processes are depicted in Figure 12 [71, 76, 78] 
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This process dominates in semiconductors for which the carrier density typically 
exceeds 10
17
cm
-3
. 
 
 
(3)  Electron-hole recombination 
An electron in the conduction band of the semiconductor combines with a hole 
injected from the metal.  The process occurs in the depletion region. 
(4)  Hole injection (neutral region recombination) 
This process is the same as (3) but recombination takes place in the neutral region of 
the semiconductor. 
In addition to these, dangling bonds, ionized impurities, point and extended defects may 
cause large electric fields in the near surface region of the material, contributing to leakage 
and trap assisted tunnelling.  The quality of the interface is therefore critical to device 
fabrication [17, 71].  
3.3.1  Thermionic emission theory 
Thermionic emission theory was first developed by Bethe [71, 79, 80].  The assumptions 
made in the establishment of the theory are the following: 
1. The barrier height bnq is much greater than the thermal energy (kT) available to the 
MS system, i.e. kTq bn  . 
2. Thermal equilibrium is established at the plane that determines emission. 
3. The existence of a net current flow does not affect equilibrium (i.e. the current from 
the metal to the semiconductor and vice versa can be superposed) [71, 80]. 
The current flow depends on the barrier height and only electrons with energies sufficient to 
surmount the barrier height in the appropriate direction will contribute to the current density 
(Js→m) given by [71]  



 
BF qE
xms dnqvJ

         (3.8) 
where EF + bq is the minimum energy an electron must possess for thermionic emission into 
the metal and  vx is the carrier velocity in the direction of transport, here assumed to be the   
 -direction. 
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The electron density dn in an incremental energy range dE is given by 
dEEFENdn )()(          (3.9) 
where N(E) is the density of states and F(E) is the corresponding distribution function. 
Assuming that all the energy of electrons in the conduction band is kinetic, dn is found to be 
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Equation 3.10 is the number of electrons in a unit volume with speeds between v and v+dv in 
all directions with m* being the effective mass of the electron in the semiconductor. If the x-
axis is chosen parallel to the direction of transport and the velocity resolved into its 
components along the respective axis, the current density msJ  is given by 
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where vox is the minimum velocity (in the x-direction) necessary for electrons to overcome 
the barrier 
 VVqvm biox 
2*
2
1
         (3.12) 
with V being the bias voltage. 
Equation 3.11 can then take the form 













kT
qV
kT
q
TAAI b expexp2*

       (3.13) 
Where    32*4 hkqm  22* /)(120 KcmAmm is the Richardson constant, b is the 
effective barrier height and I is the current. 
The barrier height observed by electrons from the metal expressed as  )(  mq  should not 
change as in the ideal case the barrier is independent of the reverse or forward bias potential 
[21]. The zero bias saturation current Is is therefore unaffected by the applied bias and is 
equal to the current flowing from the semiconductor into the metal when equilibrium is 
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achieved (i.e. when V = 0).  An expression for the saturation current is therefore obtained by 
setting V = 0 in equation 3.13 resulting in  







kT
q
TAAI bS

exp2*         (3.14) 
Equations 3.13 and 3.14 are the expressions for the current flowing from the semiconductor 
to the metal and vice versa, with their algebraic sum being the total current in the device.  In 
terms of Is then, equation 3.13 becomes 
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Equation 3.15 describes the thermionic current for an ideal diode. The possibility that 
recombination processes may contribute to the current transport process is ignored here. In 
order to account for deviation from ideal behaviour, an ideality factor n is introduced 
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This improved equation is referred to as Sah–Noyce–Shockley (SNS) equation. The ideality 
factor n is indicative of surface and interface quality.   For an ideal device, whose current is 
entirely attributed to thermionic emission, the ideality factor would be unity. A value of n 
ranging between 1 and 2 is indicative of a combination of recombination and diffusion 
currents, whereas n exceeding 2 reflects the dominance of recombination in the device 
 [81, 82].  
3.4 Factors influencing current transport 
3.4.1 Barrier image force lowering  
Although in the ideal case the barrier height is independent of the applied bias, this is not the 
case in practice. This is due to the fact that conduction electrons experience an attractive 
force from their image charges in the metal effectively lowering the barrier and allowing 
deviations from ideal behaviour that depends on the applied voltage [71]. Theoretically the 
image-force lowering should give the reverse current a fourth-power dependence upon bias 
voltage as opposed to being constant as shown by equation 3.17. However, because carrier 
generation in the depletion region at high reverse bias as well as tunnelling effects dominate 
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reverse leakage current, barrier lowering is usually not observed. Nevertheless, the change in 
the barrier energy due to image-force lowering is given by [71] 
S
q



4
           (3.17) 
The symbols have their usual meaning. 
3.4.2 Quantum mechanical tunnelling 
Quantum mechanical tunnelling can have a significant effect on current transport behaviour, 
especially at low temperatures. It is important to recall that the width of the space charge 
region (zdep) is proportional to ND
−1/2
.  Highly doped semiconductors consequently have 
narrow space charge regions with an accompanied enhanced tunnelling probability [78]. 
Figure 13 depicts the relation between doping and the thickness of space charge region. 
 
Figure 13: Depletion width shown as a function of the doping concentration. Electron flow is 
indicated by the arrows (ref [78]). 
For a lightly doped semiconductor, electrons have to gain sufficient thermal energy to scale 
the barrier height in order to contribute to the current as shown in Figure 13 (a). Moderately 
doped semiconductors have narrower space charge regions and consequently will require less 
energy to reach a level permitting them to tunnel through the barrier (Figure 13 (b)). 
Likewise, for highly doped semiconductors even electrons at the bottom of the potential 
barrier could tunnel through the barrier as it is thin (c). 
For heavily doped semiconductors or for devices operating at low temperatures, tunnelling 
currents become substantial and will dominate the current-voltage (I-V) characteristics. 
Under these two conditions, Js→m as given by the equation 3.11 must be modified to include 
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both thermionic emission and quantum mechanical tunnelling. Importantly, the tunnelling 
current increases exponentially with DN  [71] 


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

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          (3.19) 
 is the reduced Planck constant(
2
h
 ) [76]. 
3.4.3 Series resistance 
Lightly doped semiconductors with high bulk resistivity permit the fabrication of a good 
quality Schottky barrier diode since (in theory) the barrier height should be high, the 
depletion region wide and the ideality factor close to 1 (in practice this is not always the case, 
since the Fermi level is often pinned at the interface).  However, the high resistivity (in 
comparison to material of higher free carrier concentration) leads to inferior ohmic contact 
quality. A compromise is to have a lightly doped resistive epitaxial layer grown on a heavily 
doped low resistance substrate. This permits the fabrication of a good quality Schottky 
contact on the epitaxial layer, while a high quality; low-resistance ohmic contact can be 
fabricated on the substrate. For a rectifying n/n
+
 metal/semiconductor SB structure the series 
resistance Rs comprises of the resistance of the semiconductor (epitaxial layer and substrate), 
the ohmic contact as well as that of the interface [71]. Importantly, for device characterization 
purposes the epitaxial layer needs to be sufficiently thick to accommodate the depletion 
region. In this study the epitaxial layer was approximately 2.5 μm thick.   The forward bias 
region of the current-voltage response contains information regarding the current transport 
mechanism and the series resistance of the device.  Analysing the downward bending (if 
present) of the IV characteristics allows the series resistance to be extracted and consequently 
provides a method of quantifying the surface states. 
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3.5 Ohmic contacts 
Unlike rectifying contacts, ohmic contacts have linear or quasi-linear current-voltage 
characteristics.  In many cases, the Fermi level is pinned at the surface of the semiconductor, 
rendering the barrier height “independent” of the semiconductor work function.  For n-type 
semiconductors, ohmic contacts are fabricated by depositing a metal for which Sm    (the 
situation is opposite for p-type material) as depicted in Figure 14. The specific contact 
resistance (RC) at zero bias is used to characterise an ohmic contact and is a reciprocal of the 
derivative of the current density with respect to the voltage [21, 71]  
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Although the barrier height is independent of the free carrier density of a semiconductor, the 
depletion region is not.  High carrier concentrations result in narrow depletion regions and 
consequently, a high probability for quantum mechanical tunnelling. 
In MS contacts where thermionic-emission current dominates the current transport, the 
contact resistance is given by  
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Evidently, MS contacts with small barrier heights will produce low resistance ohmic contacts. 
 
Figure 14: Band bending in a metal on n-type semiconductor ohmic contact, with sm    (redrawn 
from ref [22]). 
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Figure 14 depicts the formation of an ohmic contact.  As a consequence of the difference in 
the metal and semiconductor work function, the establishment of equilibrium is accompanied 
by the accumulation of charge at the metal semiconductor interface.  Consequently a region 
of high electron density (and low resistance) is established.  The charged region in the 
semiconductor is negative due to an accumulation of electrons. Upon forward bias electrons 
consequently experience no barrier (resistance) against flow. The barrier observed by 
electrons drifting from the metal to the semiconductor is very small during reverse bias, 
resulting in near-ideal ohmic behaviour. 
Ohmic contact can also be achieved by depositing a suitable metal onto a heavily doped 
(typically 10
19
 cm
-3
) semiconductor (metal/n
+
-n structure).  By similar means, ohmic contact 
can be achieved on p-type material. In these cases, the depletion region between the metal 
and the semiconductor is so narrow that tunnelling will dominate.  The specific contact 
resistance CR  is then expressed in terms of the tunnelling parameter 00E  and is given by [71] 
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This equation shows that the specific contact resistance has a strong dependence on the 
doping concentration. Figure 15 shows the energy band relations for a contact between a 
metal and a heavily doped n-type semiconductor. 
 
Figure 15: An ohmic contact formed on the basis of high doping of the semiconductor [71]. 
 
Practical means of achieving low resistance ohmic contacts include shallow diffusion, alloy 
regrowth, in-diffusion of a dopant contained in the contact material and ion implantation. In 
the case of semiconductors, pure or composite metals are evaporated onto the semiconductor 
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surface, followed by alloying - in an inert gas environment - at appropriate predetermined 
temperatures and times [71, 22]. Typical ohmic contact systems used on GaSb are listed in 
Table 3. 
Table 3: Some commonly used metals for ohmic contact fabrication on GaSb and the accompanying 
deposition techniques (Resistive and electron (e) beam deposition) and treatments. 
 
Metal system Technique Temperature(ºC) Time(s) Ref 
Sn/Au e-beam 350 15 [83] 
In/Au - - - [84] 
AuGeNi Resistive 350 240 [61] 
Au-Ge/Ni/Au e-beam 300 240 [17] 
Ti/Au/Ge/Ni Resistive - - [85] 
Pd/Ge/Pd/In/Pd e-beam  350 60 [86] 
Pd/Ge/Pd e-beam 400 60 [86] 
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Chapter 4 
Characterization Techniques 
4.1 Introduction 
This chapter describes the characterization techniques employed in this study.   A primary 
objective of this investigation was to improve the electrical and optical properties of the 
reactive GaSb surface by chemically treating it with sulphur based “passivants”. The surfaces 
were consequently extensively studied by scanning electron microscopy (SEM), Auger 
electron spectroscopy (AES) and X-ray photoelectron spectroscopy (XPS) in order to 
elucidate the morphology and surface chemistry of the sulphurized GaSb surfaces.  A key 
result of this study involves the passivation of the GaSb surface with a sulphur blended 
solution [(NH4)2S04/(NH4)2S] not previously reported. 
 
Another primary goal of this project was to fabricate a Schottky barrier diode with a 
rectification ratio adequate to ensure a deep level transient spectroscopy (DLTS) signal-to-
noise ratio in excess of 100, so that deep levels in the material could be studied effectively.  
The electrical response and quality of the diodes fabricated on both untreated and treated 
material were determined by current-voltage (I-V) and capacitance-voltage (C-V) 
measurements.  These measurements were also used extensively to quantify the density of 
surface states present at the metal semiconductor interface. 
This chapter is structured as follows: section 4.2-4 describes the basic theory pertaining to the 
chemical and surface analysis techniques while sections 4.5-7 describe the basic ideas and 
theory pertaining to the electrical characterisation techniques used in this study.  
4.2 X-ray photoelectron spectroscopy (XPS) 
4.2.1 Basic principles 
X-ray photoelectron spectroscopy (XPS) is a surface sensitive analytical technique based on 
the photoelectric effect. It provides information on the elemental identity, chemical 
composition and bonding arrangement of the surface atoms. Surface atoms have core 
electrons with specific characteristic binding energies. When an X-ray beam hits the sample 
surface, the energy of an X-ray photon is absorbed completely by a core electron of an atom. 
Provided that the photon energy, hν, is large enough, the core electron will escape from the 
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atom with kinetic energy Ek and get absorbed by an analyser. XPS then measures the binding 
energy (Eb) of the core electron described by the following Einstein relationship [87, 88] 
speckb EhE                     (4.1)          
where ϕspec is the spectrometer work function. Figure 16 shows the physical processes that 
take place in the measurement of the binding energy in spectroscopy. 
 
 
Figure 16: A schematic representation of the physics related to a typical X-ray photoelectron 
spectroscopy measurement.  Since the Fermi levels of the sample and spectrometer are aligned, only 
knowledge of the spectrometer work function, ϕspec is required to calculate the core electron binding 
energy (Eb) (in [89]). 
 
Since the binding energy is a characteristic of specific atomic electron orbitals, the recorded 
spectra therefore reveal the identity of the atomic species present on the surface of a sample. 
The handbooks of XPS and AES respectively are used to identify the observed compounds 
(XPS) and elements (AES). In addition to these, the possible chemical states can be identified 
using commercially available Multipak computer software (version 8.2c). XPS analysis is 
done in an Ultra High Vacuum (UHV), typically 10
-10 
torr. This ensures that emitted core 
electrons are not interfered with before reaching the analyser and minimises the possibility of 
surface reactions during the measurement. XPS uses low-energy (~1.5 keV) X-ray photons, 
commonly MgKα (hν = 1253.6 eV) or AlKα (hν = 1486.6 eV) to irradiate the surface of a 
sample in order to eject core electrons [90]. The core-level binding energy (inferred from 
their kinetic energies) of the ejected photo-electrons is measured with the use of a high-
resolution electron spectrometer. 
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4.2.2 Chemical shifts in XPS 
The binding energy of a core electron in an element is governed by the electrostatic 
interaction between a core electron and its nucleus and will change with [89]: 
i. the electrostatic shielding of the nuclear charge from all other electrons in the atom  
ii. the removal or addition of electronic charge as a result of changes in bonding of an 
atom 
The withdrawal of another valence electron, the equivalent of oxidation, results in an increase 
in Eb. The opposite is true for the addition of a valence electron which consequently will 
result in a decrease in Eb. 
Atoms of a higher positive oxidation state (higher electronegativity) exhibit a higher binding 
energy due to the additional coulombic interaction between the photo-emitted electron and 
the ion core. For example, if an element bonds to a more electronegative element (e.g. lithium 
to oxygen), the bonding energy of a core electron in lithium will shift towards higher values 
because it will lose the shielding effects of electrons that it now shares with oxygen. The 
ability to discriminate between different oxidation states and chemical environments explains 
why XPS is such a useful and versatile technique [89, 91]. 
4.2.3 Sampling depth 
The sampling depth (3λ) in XPS is defined as the depth from which 95% of all photoelectrons 
are scattered by the time they reach the surface. For AlKα X-ray radiation most values of λ 
are in the range of 1–3.5 nm implying that the sampling depth under these conditions is 3-10 
nm.  
If an electron beam with intensity Io is emitted from a depth d below the sample surface, the 
intensity is attenuated according to the Beer-Lambert law. So, the intensity Is of the same 
beam of electrons as it reaches the surface is given by [89] 
 
)/exp(0 dII s           (4.1)
 
 
Depth profiling is achieved by combining a sequence of ion gun etch cycles followed by XPS 
measurements from the exposed surface after each cycle [92]. The actual depth for each XPS 
analysis is dependent on the etch-rate of the ion-gun and the duration of each sputter as 
decided by the operator. Material composition is also a factor because different materials 
offer different resistances to etching. 
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4.3 Auger Electron Spectroscopy (AES) 
4.3.1 Basic principles 
Auger electron spectroscopy (AES) is widely used to identify the chemical composition of 
solid surfaces. Auger electron spectroscopy involves the ejection of a core level electron 
followed by the filling of this “hole” by an outer level electron.  The energy is then 
transferred to an inner shell electron causing it to be ejected. The Auger process may be 
triggered by either photo excitation or by an incident energetic electron beam. [93, 94]. 
Figure 17 illustrates the Auger process. 
 
 
 
Figure 17: A schematic diagram of the Auger process. X-ray and high energy electron bombardment 
of an atom can create a core hole (a) which decays via a radiation-less internal rearrangement (b and 
c) (in [95]). 
 
Referring to Figure 17 the Auger process may be explained as follows: An incident electron 
with sufficient energy excites a core level electron (in the K-level in this instance) as depicted 
in Figure 17 (a). The vacancy produced is instantaneously filled by an L1 level electron 
(Figure (b)). In the process an amount of energy (EK – EL1) is released.   
Here, EK is defined as the binding energy of the core level electron and EL1 that of an electron 
in the L1 level. The released energy can be transferred to an electron in the L2 level. This 
electron is ejected from the atom as an Auger electron and will have energy, independent of 
the excitation source, given by [95] 
 
21 LLK
EEEE           (4.2) 
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This excitation process in Auger notation is denoted as a KL1L2 Auger transition, with the 
first letter denoting the initial core-hole location, the second letter denoting the initial location 
of the relaxing electron and the third letter the level associated with the second hole (initial 
location of the Auger electron). The reverse of the process described by equation 4.3 is also 
possible i.e. the core hole can be filled by a L2 electron which in turn will knock out a L1 
electron.  This process is described by 
 
12 LLK
EEEE           (4.3) 
 
Each element produces a unique set of well documented Auger transitions which, with the 
assistance of meticulous calibration and relevant literature, is used to identify the composition 
of solids. As is the case with XPS, Auger spectroscopy relies on an UHV environment for 
accurate measurements. [94]. 
The incident electron beam energy typically ranges between 3-30 keV and may penetrate 
deeper than 10 nm into the solid. Auger electrons however can only escape from the outer 
0.5-5 nm, consequently rendering AES an extremely surface sensitive technique.  
4.4 Dektak surface profiling 
It was important to know the effect that the sulphur treatment had on the surface topography 
and to quantify any etching effect if present.  For this purpose, a Dektak 150 profiler was 
used.   
Measurements by the Dektak are done electro-mechanically, with the sample being moved 
beneath the stylus, which is equipped with a diamond tip. The sample is moved by a high-
precision stage, programmed by the user to set the scan length, speed, and the stylus force. A 
Linear Variable Differential Transformer (LDVT) receives the electro-mechanical signal 
from the stylus, processes it and produces a profile of the variations in the surface topography 
encountered by the stylus.  
 
4.5 Current – Voltage measurements 
4.5.1 Basic theory 
I-V measurements are routinely used to determine the electrical characteristics of a MS 
contact. Important device parameters such as the 
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i. reverse saturation current (IS),  
ii. zero bias Schottky barrier height (qϕbo),  
iii. ideality factor (n) and  
iv. density of states present at the interface (Nss) of the MS device 
may be extracted from these measurements. Figure 18  depicts the fact that the ideal barrier 
height, as illustrated in Figure 10, is only  approximated when a diode is strongly forward-
biased because of factors such as image force barrier lowering and interface states as 
explained in chapter 3 [78, 96]. 
 
Figure 18: The ideal barrier height compared to the effective barrier height when image force 
lowering is considered [78]. 
The reader is reminded that the bias dependent thermionic current for a Schottky barrier 
diode is given by [78, 71] 
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The saturation current (Is) and the ideality factor can be determined from the linear region of 
the ln(I) vs. (V) plot of the forward bias I-V characteristics. Is is obtained through 
extrapolation of the ln(I) vs. (V) to V=0 which is then used to calculate the barrier height at 
zero bias as expressed below [78]  
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The slope of the ln(I) vs. (V) graph (in the linear forward bias region) is used to extract n [97] 
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)ln(Id
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q
n           (4.6) 
Generally, SBDs with an ideality factor >1 have an unintentional interfacial oxide layer. 
Interface states, including surface oxides, manifest as a series resistance (Rs) in addition to the 
resistance of the depletion region.  This series resistance is observed towards high forward 
bias values as a non-linear bending (on a semi-log scale) of the current with applied bias. 
[81]. 
Equation 4.4 is adjusted to accommodate voltage drop due to this series resistance [98, 99, 
100] 
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According to Cheung and Cheung [100], the series resistance can be evaluated (in more than 
one way) as follows 
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bs nIRIH )(          (4.10) 
It should be clear that plots of  )ln(IddV  vs. I and )(IH  vs. I respectively will enable the 
determination of the series resistance, the ideality factor and the barrier height respectively 
[81, 100, 101, 102]. 
4.5.2 Quantifying surface states densities: The current-voltage approach 
Experimental results suggest that the barrier height of a SBD is bias dependent.  This 
dependence is attributed to the presence of interface states. Surface states can either be 
ionized or neutralized by the application of a bias. The main reason for the deviation of a 
SBD from the proposed exponential behaviour (at moderate forward biases) has been 
attributed to the simultaneous occurrence of various carrier transport mechanisms comprising 
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quantum-mechanical tunnelling, generation-recombination and thermionic emission. In the 
high voltage regime, the cause of the deviation has been ascribed to the presence of a series 
resistance which, as mentioned earlier, may be partly attributed to the presence of surface 
states [71, 103]. 
The voltage dependence of the effective barrier height is given by 
ndV
d e 11 

         (4.11) 
where β is the voltage coefficient of ϕe, the effective barrier height which in turn is given by 
Vbe             (4.12) 
It is instructive to note that the ideality factor, defined by eq. 4.6, clearly depends on the 
applied voltage and may be expressed as [81, 104] 
 
)ln( sIIkT
qV
Vn           (4.13) 
Card et al. have developed an approach for the evaluation of n(V) assuming  that the surface 
states are in equilibrium with the semiconductor [105] 
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

1         (4.14) 
where W is the space charge width, Nss is the density of interface states, and εs and εi are the 
permittivity of the semiconductor and the interfacial layer, respectively. It can be shown that 
for an n-type semiconductor the energy of the interface states, Ess with respect to the bottom 
of the conduction band, EC is given by [101, 106] 
 VqEE essc            (4.15) 
4.6 Capacitance – voltage measurements 
Considering a rectifying metal-semiconductor contact, the relationship between the Fermi 
level in the metal and the semiconductor prior to contact formation serves as a boundary 
condition for the solution to Poisson’s equation. The following abrupt junction 
approximations are assumed [71] 
i)                
ii)                 ⁄           
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where W, the depletion width, is given by [71] 
 
 qkTVVqNW biDs  )2(             (4.16) 
 
The term qkT in the expression arises from the contribution of the majority-carrier 
(electrons in the case under discussion) distribution tail [78, 71]. 
 
The space charge per unit area in the depletion layer of the semiconductor under reverse bias 
conditions is given by 
)/(2 qkTVVNqWqNQ biDsDsc                     (4.17) 
The AC signal capacitance of a MS barrier can depend on the applied voltage (in contrast to a 
normal capacitor which has a constant ( VQC  ) as defined by the incremental change of 
the space charge Qsc in the depletion region upon an incremental change of voltage [107]. 
WqkTVV
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                                                              (4.18) 
 
    
For an area A, we can write: 
WAC s   (4.19) 
A Schottky barrier diode consequently behaves like a parallel plate capacitor with plate area 
A, “plate separation” W, filled with a dielectric material εs. Equation (4.18) can be re-cast as 
follows 
Ds
bi
Nq
qkTVV
C 
)(21
2

  
(4.20) 
or 
DsNqdVCd 2)/1(
2     (4.21) 
 
 )/)1((12 2 dVCdqN sD     (4.22) 
 
A plot of 1/C
2
 versus V will be a straight line if ND is constant throughout the depletion 
region, but if not, the differential capacitance method described in equation  (4.22) can be 
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used to determine the doping profile [96]. The intercept voltage Vi is related to the built-in 
potential and is given by 
qkTVV bii                      (4.24) 
From the above equation, the barrier height may be extracted [78] 
qkTVV nib                      (4.25) 
4.7 Deep level transient spectroscopy (DLTS) 
4.7.1 What are deep levels?  
Deep level electronic states are typically located in the band gap and are deeper that 100 meV 
from the conduction and valence band edges respectively. A particular deep electron trap of 
energy level ET, will have an activation energy defined by EA = EC – ET while a deep hole trap 
will have activation energy given by EA = ET – EV, where EC and EV are the bottom of the 
conduction and top of the valence band energies, respectively [2]. Deep levels originate from 
imperfections or defects occurring in a crystal lattice. While each lattice point is occupied by 
a specific host atom in an ideal crystal, deviations in the form of impurities, vacancy and 
extended defects are normal in real crystals.  Many of these defects act as carrier traps and 
consequently will influence the electrical and optical characteristics of semiconductors. 
 
Next, a brief account of some of the defects encountered in semiconductors which may form 
deep levels is given. 
(i) Point Defects: They are illustrated in Figure 19. These are defects resulting from 
deviations in the regular periodic pattern of a crystal lattice, consequently causing a 
perturbation in the periodic potential (and thus the electric field) observed by localised 
charge carriers.  
 
 
Figure 19:  An illustration of point defects common in a semiconductor (in [108]). 
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A vacancy in a regular lattice is an example of a point defect. Defects may also arise 
when a foreign atom occupies a host atom site or when an atom occupies an irregular 
position (Frenkel defect). Yet another possibility is when in a compound consisting of 
atoms A and B, atom A is found on a site designated for atom B, giving rise to an anti-
site defect (AB) [76]. 
 
(ii) Dislocations: These are abrupt changes in the regular ordering of atoms, usually 
encountered during crystal growth or upon mechanical deformation. They can be of a 
linear, edge or screw type [109]. 
(iii) Stacking faults: An interruption in the atomic stacking order in a lattice is possible in a 
number of ways. Sometimes a plane may be missing or an additional plane can be 
introduced, disrupting the stacking order and consequently giving rise to intrinsic or 
extrinsic stacking faults, respectively [76].  
(iv) Grain boundaries: Crystals often have short range periodicity confined to 
microcrystals (or grains) with a different orientation to that of a neighbouring 
microcrystal.  These neighbouring grains with well-defined boundaries are often tilted 
or twisted with respect to one another.  Grain boundaries have a profound effect on the 
electrical properties of semiconductors. 
Additionally semiconductor surfaces themselves are a source of defects, caused by dangling 
bonds and surface ad-atoms which lead to the formation of surface or Bardeen states. Often 
surface states will have activation energies close to the middle of the band-gap (mid-gap 
states) and consequently exhibit similar properties to deep levels appearing in the bulk [76]. 
4.7.2 Capture, recombination and generation 
By definition defect states with a positive charge when empty are called donor-like states 
while those that are negative (when empty) are acceptor-like. Capture of free carriers from 
the conduction band (electrons) and the valence band (holes) respectively is shown in Figure 
20 (a) and (c).  The equivalent emission process are depicted in Figure 20 (b) and (d).  
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Figure 20: An illustration of capture (Cn, Cp), emission (en, ep), recombination (Rn) and generation 
(Gn) processes at a deep trap (in [78] with adjustments). 
Deep levels can also act as non-radiative recombination centers (Rn) which compete with 
radiative band-to-band recombination, effectively decreasing the quantum efficiency of the 
material as well as its minority carrier lifetime. Furthermore in their charged states, deep 
centers reduce the carrier mobility due to charged impurity scattering. A defect may also 
capture an electron from the valence band, followed by its emission into the conduction band: 
a process known as carrier generation (Gn). Deep levels have benefits too.  Semiconductor 
materials are often intentionally doped with transition metal impurities, which create deep 
levels that reduce the free carrier concentration of the material, to the extent that it becomes 
semi-insulating and consequently suitable as substrate material for the epitaxial growth of 
thin films [2]. Conversely, in fast switching junction devices, deep centers are used to rapidly 
drain carriers from either the valence or the conduction band, acting as carrier lifetime killers, 
thereby increasing the switching speed of the device [2, 108, 110].   
4.7.3  Deep level transient measurements 
Altering the voltage across a SBD will shift the Fermi-level in the semiconductor with respect 
to the metal either towards the conduction band (forward bias) or towards the valance band 
(reverse bias).  This procedure will change the electron population of the deep levels since all 
states above the Fermi level will  be emptied over time (provided that enough energy is 
available to the  system) .  Capacitance (or current) transients ensue when the captured charge 
is emitted from the defect as the system returns to equilibrium. Analysing such a capacitance 
transient by DLTS permits the identification of the defect, especially in the case of deeper 
non-radiative recombination centers [111]. D.V. Lang introduced a form of signal processing 
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to display the temperature-dependent capacitive emission transients, producing a sequence of 
peaks, each related to an electrically active defect [112]. DLTS is a high-frequency (MHz 
range) method which uses the capacitance of a junction depletion region to monitor changes 
in the charge state of deep levels. In DLTS, the capacitance transient is monitored and the 
emission rate of the defect determined. From this information, important trap parameters such 
as the activation energy capture cross-section and the defect concentration depth profile can 
be obtained.  Additionally, majority or minority carrier traps can be distinguished [111]. An 
electron trap is defined as one that is devoid of electrons and can therefore capture them 
whereas a hole trap is one that is filled with electrons and is consequently able to capture a 
hole, which is the same as saying that it emits an electron to the valence band. It therefore 
follows that for a hole trap ep >> en, and for an electron trap, en >> ep [111]. 
 
The main elements of a classical DLTS measuring system are a capacitance meter, a pulse 
generator supplying a constant reverse bias upon which a filling pulse is superimposed, a 
temperature controller, a transient analyser (boxcar) and an evacuated low temperature 
cryostat. The DLTS system used in this study was controlled by a Laplace card and is 
depicted in Figure 21. 
 
 
Figure 21: Block diagram of the DLTS system used in this study (in [108]). 
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 4.7.4 The pulsing sequence of a DLTS measurement 
Next the pulsing sequence of a DLTS measurement (as depicted in Figure 22) is described 
using a SBD fabricated on an n-type semiconductor as the rectifying device.   
Step 1 
An applied reverse bias causes traps in the depletion region with energy above the “lowered” 
Fermi level to empty, provided that enough thermal energy is available to promote the 
captured electrons to the conduction band.  Emptying of traps causes a depletion region 
capacitance transient until such time that a steady state capacitance (C0) is achieved (See 
Figure 22: State 1).  The reverse bias depletion region capacitance is given by (in [113]) 
W
A
VV
Nq
AC s
bi
Ts  


)(2
0         (4.26) 
The occupation by majority carriers at steady-state (electrons in this case) is given by  
  Tpnp Neeen )(           (4.27) 
where, NT is the concentration of traps and the other symbols have their usual meaning. The 
emission of carriers is governed by Boltzmann statistics. Therefore the emission rate has an 
exponential dependence on EA, the activation energy of the defect level [111]. 
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Figure 22: Capture and emission processes and the capacitance response for a typical DLTS 
measurement (in [108]). 
Step 2: 
Next a forward bias pulse (Vp) is applied, momentarily reducing the depletion region by an 
amount equivalent to the pulse amplitude.  The bias pulse raises the Fermi level, allowing all 
traps below it to be filled.  (Figure 22: state 2). Under this condition the emission process can 
be neglected leading to the following steady-state electron occupation [111]    
  Tpnn Ncccn                        (4.28) 
with cn >> cp where cp is the hole capture rate and cn, the electron capture rate given by 
nvc nnn                               (4.29)  
Here σn is the electron capture cross-section, <vn> is the average electron thermal velocity 
and n is the number of electrons per unit volume available for capture.  The number of 
electrons captured in a time t, N(t) in the depletion region is given by [111] 
 )exp(1)( tcNtN nT           (4.30) 
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Step 3: 
The forward pulse is typically applied for 1.0 - 0.1 ms (pulse width), sufficiently long to 
ensure filling of all the traps in the depletion region. The removal of the pulse and 
instantaneous return to the quiescent reverse bias condition imply a large W and a reduced 
number of ionised impurities. The capacitance at the junction is therefore less than the 
steady-state value C0 by an amount ΔC0 as is clear from Figure 22: State 3.   
Step 4: 
Once the traps are filled, the pulse is removed and the diode effectively only observes a 
reverse bias. The reverse bias lowers the Fermi level, allowing those traps above it to emit. 
The thermal emission of the traps alters the trap occupation levels, giving rise to a 
capacitance transient whose rate constant is temperature dependent (Figure 22: State 4). The 
ionised trap density at time t is given by [113] 
 )exp()( teNtN nT           (4.31) 
where the electron emission rate, governed by  Boltzmann statistics, is given by 
   kTgNve Cnnn aEexp/          (4.32) 
Nc is the effective density of states in the conduction band, g is the degeneracy factor for the 
defect level, Ea is the activation energy and T is the absolute temperature.  
The time dependent capacitance following the pulse is given by [113] 
)exp()( 00 teCCtC n         (4.33) 
where 
0C is the capacitance change due to the filling pulse. The pre-factors Cn Nv   in 
equation 4.32 vary as T
2
. Consequently, the slope of the Arrhenius plot en/ T
2
 vs 1/T will 
render the activation enthalpy of the defect level [111, 113, 114].  
The capacitance transient is sampled at times t1 and t2 (typically 0.1 ms to 1s) as shown in 
Figure 23 so that values )( 1tC  and )( 2tC  are acquired from the transient.  
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Figure 23: A schematic representation of the measurement of the capacitance signal at two different 
times yields a rate window and a DLTS signal. (a) Shows capacitance transients at different 
temperatures and (b) shows plots on the X-Y recorder of the DLTS signal generated by the double 
boxcar at different temperatures generated by inputs at t1 and t2 (in [111]). 
 
At low temperatures the time constant of the transient is so long that the difference in the 
capacitance within the predetermined rate window (t defined by t1 and t2 respectively) is 
negligible. As the temperature increases, the difference in capacitance increases until, at a 
particular higher temperature, the time constant (τ) of the transient matches the rate window 
of the system.  At this point the output signal is a maximum (i.e. the spectrum peaks). 
Increasing the temperature further reduces the time constant, again resulting in the difference 
in the capacitance within the rate window to reduce progressively until it drops to zero.  The 
emission rate of the defect is then defined in terms of the peak position and the rate window 
by [115]  
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Chapter 5 
Experimental procedures and equipment description 
5.1 Introduction 
In this chapter the experimental techniques and sample preparation procedures are briefly 
discussed. Sections 5.2-3 are devoted to sample preparation procedures, including passivation 
by S-based solutions, while in section 5.4, a brief outline of the equipment used for surface 
studies and chemical analysis is given.  This chapter is concluded in section 5.5 with a 
summary of the procedures and equipment used for the electrical characterisation of SBDs 
fabricated and used in this study. 
5.2 Sample preparation 
In order to ensure high quality devices, it is critically important that the surface of the GaSb is 
adequately prepared prior to metallization [116]. Samples used in this study were diced into  
≈ 3 mm  5 mm pieces using a diamond scriber followed by blowing it with nitrogen (N2) to 
remove the usual debris. This was followed by degreasing the samples as follows: 
(i) Boiled (x3) in trichloroethylene (TCE), boiled in acetone (x3) 
(ii) Boiled in methanol 3 times (Each boiling step was carried out for approximately 
2 minutes)  
(iii) Rinsed in de-ionized (DI) water ( = 18.2 M.cm) and blown dry using N2 gas. 
(iv) De-oxidation by dipping into a diluted HCl (18.5 % by volume):H2O solution at a 
1:1 ratio. This step is necessary to reduce native Ga and Sb oxides, contributing to 
the surface state density [11, 17, 49].  
(v) Finally, samples were again rinsed in DI water and blown dry with nitrogen. 
 
5.3 Sulphur surface passivation 
It is of primary importance to stabilize the surface after treatment as described in section 5.2, 
before Schottky barrier diode fabrication. Passivation is meant to, among other effects,  
(i) eliminate or reduce surface states from the forbidden gap region and 
(ii) make the GaSb surface unreactive in ambient conditions [42].   
 
64 
 
Samples were treated with various chalcogenide solutions as outlined below.  They were 
immersed:  
(i) in a one molar (1 M) solution of Na2S:9H2O for 1 hour at room temperature. The pH of 
the solution was 13.2 [17]. 
(ii) in a 10% (NH4)2S solution at 60 
°
C for 15 min. The pH in this case was 8.7 [31]. 
(iii) in a S blended [(NH4)2S/(NH4)2SO4] solution at 60°C for 30 min. This solution was 
prepared by dissolving 0.2 g of sulphur in 15 ml of a 10% aqueous (NH4)2S solution.  
According to the supplier, each 1itre of (NH4)2S contained 4.7g of (NH4)2SO4. The 
resulting pH of the solution was 8.2. 
 
Following sulphurization, the samples were thoroughly rinsed in DI water and blown dry in 
N2 gas. It is instructive to note that the passivant described in (iii) is novel and has not been 
reported on previously (except by [18]).  This passivant proved to be most effective in terms 
of deoxidizing and stabilizing the GaSb surface when compared to those described in (i) and 
(ii) respectively.    
5.4 Surface morphological and chemical analysis 
High-resolution scanning electron microscopy (SEM) was used to study the surface 
morphology of the samples pre- and post-treatment using a Jeol JSM-700 1F field emission 
scanning electron microscope (FESEM). AES measurements were performed using a PHI 
700 Scanning Auger Nanoprobe with a 20 kV and 10 nA electron beam. The base pressure of 
the system was 6  10-10 Torr. XPS measurements were performed at a take-off angle of 45° 
in a high resolution PHI 5000 Versaprobe ESCA (electron spectroscopy for chemical 
analysis) microprobe system. Survey scans were done using monochromatic Al K X-rays 
with a beam diameter of 100 µm. A pass energy of 11.75 eV was used for the detailed XPS 
scans. The accelerating voltage was 15 kV and the beam power 25 W. The handbooks of 
AES and XPS were used to identify the observed elements and compounds, respectively. In 
addition to the handbooks, possible chemical states were also identified using commercially 
available Multipak computer software (version 8.2c) and a survey from relevant literature.  
In order to investigate the etching properties of the passivants, samples were partially coated 
with (Apiezon) wax, exposed to the passivant for predetermined times and temperatures, after 
which the wax was organically removed.  The ensuing etch effects were studied using a 
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Dektak 150 profiler from which an etch rate for each of the passivants was determined.  
Nomarski optical microscopy was used to inspect the surface for any ensuing defects as a 
consequence of the observed etching.  
5.5 Electrical contact fabrication  
The electrical transport properties of the material were investigated by I-V, C-V and DLTS 
measurements. For this purpose SBDs (consisting of a rectifying and ohmic contacts) were 
fabricated on bulk and epitaxial n-GaSb.   
After degreasing (as described above), but prior to sulphur treatment, ohmic contacts were 
first fabricated on one side of the samples by resistively depositing 100 nm AuGe (88:12), 
followed by a 50 nm Ni layer and capped with a 50 nm Au layer.  In order to minimize the 
contact resistance, the samples were alloyed by annealing in an argon (Ar) or nitrogen (N2) 
environment at 300
°
C for five minutes. Alloying was conducted in a Heraeus annealing 
furnace, fitted with a current adjustable power supply capable of generating temperatures of 
up to 1100 ° C.  
A typical resistive vacuum deposition system is shown in Figure 24.  
 
 
Figure 24: A schematic illustration of the vacuum deposition system for used for ohmic and Schottky 
contact fabrication (in [108]). 
Metal 
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mask 
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As an alternative to this procedure, ohmic contact was also attained by rubbing GaIn eutectic 
on the back side of the samples.  
Subsequent to ohmic contact formation, the samples were again degreased, followed by 
sulphurization and then blown dry with pure nitrogen gas prior to loading it into a vacuum 
system with a base pressure of  2  10-5 Torr. Circular Gold (Au), aluminium (Al) or 
palladium (Pd) Schottky contacts ( = 0.5 mm), 100 nm thick, were subsequently resistively 
evaporated through a metal shadow mask. The deposition rate was controlled by varying the 
current through the crucible, while the thickness was monitored by use of an INFICON XTC 
751 – 001–G2 quartz crystal thickness and rate monitor adjacent to the sample. 
 
Figure 25 (a) and (b) depict the schematic and planar view Nomarski image of a typical Au 
Schottky barrier diode structure on bulk material.  
 
Figure 25: Schematic (a) and a plan view (b) of a typical Au SBD on GaSb. 
 
5.6 I-V and C-V measurements 
As already mentioned, I-V measurements allow for the extraction of device (SBD) junction 
parameters such as the series resistance (Rs), the barrier height (ϕb) and the ideality factor (n).  
The free carrier concentration (ND) of the material was extracted using C-V measurements.  
These characteristics reflect the quality of the near surface region of the material through an 
indication of the diode quality. Care should be taken when performing these measurements as 
large leakage currents may distort the signal to noise ratio, while parasitic resistances – both 
series and parallel – may lead to unreliable impedance measurements from which the sample 
capacitance during a C-V measurement is determined.  This is particularly important when 
performing DLTS measurements, as the pulse sequence allows for the thermal emission of 
trapped charge in the depletion region of the SBD, followed by the re-population of the 
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emptied deep levels by an appropriate filling pulse.  Evidently, leakage currents during the 
reverse bias cycle will lead to filling of the deep levels during the “emission” period, 
distorting the capacitance transient.   Figure 26 shows a schematic of the system used for I-V 
and C-V measurements. 
 
Figure 26: Block diagram showing the I-V and C-V measurements station. 
 
The system is computer controlled and uses a visual engineering environment programme 
HPVEE for interfacing, measurement and data acquisition and processing.  The system 
consists of a HP4140B pA meter (maximum resolution is 10
-15
A) with an integrated dc 
voltage supply, a Boonton capacitance meter which supplies a high frequency (1 MHz) 
voltage signal, an Agilent 34401A multimeter and an electrically shielded sample stage.  A 
switch was included to select between the I-V or C-V measurement option.     
Temperature dependent I-V and C-V measurements were performed between 77 and 330 K. 
The sample mounting stage in this case consisted of a flat copper plate in which a foil heater 
was imbedded, while the temperature was controlled using a Lakeshore 330 auto-tuning 
temperature controller and a Si diode sensor mounted next to the sample.  Good thermal 
contact was established by securing the sensor to the sample base with cryogenic thermal 
varnish. Low temperatures were achieved by keeping the sample just above liquid nitrogen in 
a cryogenic Dewar flask.  
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5.7 Hall measurements 
RT Hall effect measurements were performed in the Van der Pauw geometry on all samples 
(~ 4mm  4mm) in a magnetic field of 1kG. Contacting the sample to the measuring circuit 
was achieved by soldering copper or gold wires from the circuit to the sample corners. A 
Time Electronics DC current source and an Agilent 34401A multimeter, interfaced to a 
computer with an installed HPVEE programme, were used for the measurements. 
5.8 DLTS and Laplace-DLTS measurements 
DLTS and Laplace-DLTS studies were performed on an Au SBD fabricated on an epitaxial 
n/n
+
 structure.  The Te-doped epitaxial n-GaSb layer (3 m) was grown by metal organic 
vapour phase deposition (MOVPE) on n
+
-GaSb:Te substrate.  A similar layer was 
simultaneously grown on (100) SI GaAs substrate for use in the Hall measurements.  Both 
substrates were supplied by Semiconductor Wafer Inc. and were miscut by 2˚ off (100) 
towards 111B.  The growth was performed at atmospheric pressure in a horizontal 
MOVPE reactor using triethyl gallium (TEGa) and trimethyl antimony (TMSb) as precursors, 
while diethyl tellurium (DETe) was used as the dopant source. The substrates were not 
cleaned before growth commenced.  The free carrier concentration (ND) of the n-GaSb 
epilayer grown on SI GaAs, determined by room temperature (RT) Hall measurements in the 
Van der Pauw configuration, was found to be 51016 cm-3.   
 
Deep level transient spectroscopy (DLTS) spectra were recorded at a scan rate of 3 K/min in 
the temperature range of 15-300 K using a rate window of 80 Hz.  The reverse bias and 
filling pulse were -1 V and 1 V respectively while the pulse width was typically 1 ms.   
The DLTS system used has been illustrated in chapter 4 and is made up of 
i. a helium cooled and foil heater temperature-controlled cryostat, which has an ability 
to cover the temperature range 12 – 400 K, in which the sample is mounted. 
ii. a precision, high-speed (1 MHz) Boonton capacitance meter used to measure the 
capacitance of the semiconductor device and trace the capacitance transient. 
iii. a Laplace card and software (Transview) which provides a quiescent reverse biasing 
voltage to the active region of the sample and from time to time supplies a forward 
biasing pulse at the required frequency. The software measures the signals and 
provides a visual of the plots on a computer screen.  
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The TransView programme allows one to enter appropriate biasing conditions, and allows for 
data acquisition from a large number of sample transients (as temperature is ramped up or 
down) for averaging, thereby increasing accuracy [117].   
Signals are automatically sent to the sample; the response is collected, processed and then 
plotted into a DLTS spectrum. There is a wide choice of rate windows (4 – 5000 s-1). 
The software can be used in the Laplace mode to characterise a particular defect by 
calculating its activation energy and concentration profile. Here the programme makes use of 
3 calculating software routines (Flog, Ftlkreg and Contin) to calculate the thermal emission 
rate at a particular temperature.  
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Chapter 6 
Surface chemistry of sulphur treated bulk n-GaSb 
6.1 Introduction 
The quality of semiconductor surfaces and that of the interface between metals and a 
semiconductor predominantly determine the properties and reliability of devices 
manufactured from them. Surface characteristics are especially important because the active 
region of devices is limited to the near surface region.  Consequently, the presence of surface 
(and bulk) defects, intrinsic or unintentionally introduced, is an important obstacle to 
overcome before the successful fabrication of GaSb and related devices will realise its full 
potential [118]. It therefore stands to reason that the surface morphology, chemistry and the 
defect behaviour must be well understood and controlled [119, 105, 120].Treatment with 
sulphur based chemicals is known to improve the general quality of semiconductor surfaces 
as is reflected by the enhanced morphological, electrical and optical properties of a number of 
III/V materials [17, 20]. Part of this study was aimed at investigating possibilities of 
improving the notoriously reactive GaSb surface.  This chapter reports on the surface 
chemistry following treatment of bulk n-GaSb:Te with various sulphur-based chemicals. 
Three sulphur based aqueous solutions were investigated, namely: Na2S:9H2O, (NH4)2S and 
[(NH4)2S/(NH4)2SO4 + S]. The surfaces were analysed before and after treatment using 
scanning electron microscopy (SEM), Auger Electron Spectroscopy (AES), X-ray 
Photoelectron Spectroscopy (XPS), Normaski Optical Microscopy and Dektak profiling.  
The effect of sulphurization on the surface properties of GaSb was investigated by treating 
Te-dopedbulk n-GaSb (supplied by Semiconductor Waver, Inc.  n~2x10
17
 cm
-3
) in aqueous 
solutions of Na2S.9H2O, (NH4)2S and [(NH4)2S/(NH4)2SO + S] respectively. The details of 
procedures pertaining to sample cleaving, cleaning, sulphur treatment and ensuing 
measurements are presented in Chapter 5.  As a reminder, the four sample treatments pursued 
in sulphur-based passivation are restated here: 
i) Sample A: no further treatment (referred to as reference or as-received).  
ii) Sample B: etched in 18.5 % (by volume) HCl for five minutes, rinsed in DI water, 
followed by immersion in a one molar (1 M) solution of Na2S:9H2O for 1 hour at room 
temperature. The solution pH was 13.2 [17]. 
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iii) Sample C:etched in 18.5 % (by volume) HCl for five minutes, rinsed in DI waterand 
then immersed in a 10% (NH4)2S solution for 15 minutes at 60
°
C. The pH in this case 
was 8.7 [31]. 
iv) Sample D: etched in 18.5 % (by volume) HCl for five minutes, rinsed in DI water then 
immersed in ([(NH4)2S/(NH4)2SO4] + S) at 60°C for 30 min. The solution was prepared 
by dissolving 0.2 g of sulphur in 15 ml of a 10% aqueous (NH4)2S solution.  According 
to the supplier, each 1itre of (NH4)2S contained 4.7g of (NH4)2SO4, resulting in a pH of 
8.2. 
Following treatment, the samples were again rinsed in DI water, blown dry in nitrogen gas 
and promptly loaded into a vacuum system for one of SEM, AES or XPS analysis. A set of 
similarly treated samples were taken for Normaski imaging followed by Dektak profiling.  
 
6.2 Scanning electron microscopy (SEM) 
Figure 27 depicts typical SEM micrographs of the as-received (reference) sample (A) and of 
those treated ((B) - (D)) with the sulphur based chemicals. Clearly, the surface of the 
reference sample is rather irregular due to non-uniformly distributed polishing scratches. 
Treatment with Na2S:9H2O (B), for as long as an hour, shows no significant change in 
surface morphology. It does however appear as if a deposit partially covers the extensively 
scratched surface observed for the reference sample. Treatment with (NH4)2S for 15 minutes 
sample (C) does not appear to “improve” the surface. In certain areas the scratches are even 
more pronounced confirming the assertion that the morphology of the as-received “polished” 
surfaces is not smooth or uniform. However 30 minutes of treatment with 
([(NH4)2S/(NH4)2SO4] + S), (D), appears to considerably smoothen the sample resulting in 
fewer scratches being visible, suggesting filling in or covering or perhaps uniform etching of 
the surface features observed on the reference sample.  
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Figure 27: SEM micrographs of GaSb obtained from the reference sample (A), the sample treated 
with Na2S:9H2O, (B), sample treated with (NH4)2S (C) and the ([(NH4)2S/(NH4)2SO4] + S) treated 
sample (D). 
 
6.3 Auger electron spectroscopy (AES) 
Figure 28 shows survey AES spectra of the reference sample (A) and treated samples (B), (C) 
and (D). The spectra were normalized with respect to the Ga peak observed at approximately 
1060 eV.  
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Figure 28: AES spectra obtained from the as-received (A) and the treated samples (B), (C) and (D).  
 
Spectrum (A) reveals the presence of adventitious C (275 eV), O (506 eV), Sb (457 eV) and 
Ga (1060 eV on the surface of the as-received and various treated samples.  The intense 
oxygen signal on the as-received GaSb indicates a substantial oxide layer on the surface. The 
presence of sulphur on the treated surfaces (spectra (B-D)) is confirmed by the presence of 
the sulphur related AES signal at ~ 150 eV. Subsequent to sulphur treatment the surface 
oxides present on all treated samples ((B-D)) are significantly reduced as is clear from the 
almost complete disappearance of the AES oxygen peak around 506 eV. The antimony signal 
(457 eV) is persistent and its intensity evidently is not affected by sulphur treatment. 
Figure 29 shows the normalised intensity ratio of O506 eV/Sb457 eV AES peaks.  By comparison 
to the samples treated with Na2S.9H2O and (NH4)2S, de-oxidation is enhanced by almost 40% 
for the sample treated with ([(NH4)2S/(NH4)2SO4] + S) (D). Generally, all sulphur treatments 
reduce the oxide content on the surfaces of these samples, with treatment D being the most 
effective. 
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Figure 29: The normalised intensity ratio of the O506 eV/Sb457 eV peak for (A) and samples (B), (C) and 
(D) is depicted. 
 
6.4 X-ray photoelectron spectroscopy (XPS) 
Figure 30 shows wide scan XPS spectra of samples (A-D) in the binding energy range 0 – 
1400 eV. The spectra were normalized with respect to the Ga2p3/2signal observed at 1117 eV.  
Spectrum (A) reveals the presence of O on the sample surface (O KLL), while for samples 
(B), (C) and (D); the surfaces seem to be at least partially deoxidized.  Figure 31 confirms 
this observation and suggests that the reduction in O is accompanied by an increase in the S 
content on the surface, as is clear from the progressive increase in the S 2s peak observed at 
226 eV for the treated samples ((B), (C) and (D)).  
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Figure 30: Wide XPS spectra for the as-received (A), Na2S:9H2O (B), (NH4)2S (C) and 
([(NH4)2S/(NH4)2SO4] + S) (D) treated n-GaSb samples. 
 
200 220 240 960 980 1000
Sulphur 
D
D
C
B
A
S
 2
s
 
 
N
(E
) 
(a
rb
.u
n
it
s)
Binding Energy (eV)  
Oxygen 
C
B
A
O
 K
L
L
O
 K
L
L
 
 
 
Figure 31: Narrow XPS spectra obtained from the S 2s and OKLL transitions for similarly treated 
samples. 
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These results, showing oxygen removal and increased sulphur surface content, also confirm 
the AES results depicted in Figures 28 and 29. 
Figure 32 shows narrow scan XPS spectra of the (a) Ga3d and (b) Sb3d3/2 core level signals 
for the reference and treated samples.  Gaussian and Lorentzian functions were employed to 
de-convolute the measured signals. The binding energy and the suggested chemical 
composition for the de-convoluted peaks relevant to the results presented subsequently are 
listed in Table 4.  
 
 
(a)      (b) 
Figure 32: (a) XPS of the Ga3d core level and de-convolutions (continuous lines) obtained from 
samples (A)-(D) and (b), XPS core level spectra and de-convolutions for the Sb3d3/2transitions 
(continuous lines) obtained from samples (A)-(D). 
De-convolution of the Ga3d core level signals, shown in Figure 32 (a) reveals two constituent 
compounds. The signal around 19.5 eV for samples (A)-(D) may be ascribed to the elemental 
Ga (or possibly but unlikely, GaSb). This inference is drawn following deconvolution of the 
S 2p core level signal of sulphur treated samples that reveal the presence of unbonded Ga at 
~160 eV (See Figure 33 for sample C).   
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Table 4: Measured and reported binding energy (eV) possible chemical components of Ga3d, and 
Sb3d3/2. 
Peak Sample Measured 
Binding Energy 
(eV) 
Reported Binding Energy  (eV) Possible 
chemical 
component 
Ga 3d A 19.5  18.6; 19.5; 19.0 [51, 121, 122] Ga/GaSb 
 20.4 20.5;20.4; 20.2  [51, 121, 122] Ga2O3 
B 19.5 18.6; 19.5; 19.0 [51, 121, 122] Ga/GaSb 
 20.5 20.5;20.4; 20.2  [51, 121, 122] Ga2O3 
C 19.5 18.6; 19.5; 19.0 [51, 121, 122] Ga/GaSb 
 20.5 20.5;20.4; 20.2  [51, 121, 122] Ga2O3 
D 19.5 18.6; 19.5; 19.0 [51, 121, 122] Ga/GaSb 
 20.6 20.5;20.4; 20.2  [51, 121, 122] Ga2O3 
Sb 3d3/2 A 537.7 537.7 [123, 20] Sb 
 539.5 539.6 [123, 122] Sb2O3/Sb2O5 
 540.3  540; 540.2 [123, 122] Sb2O3/Sb2O5 
B 537.7 537.7 [123, 20] Sb 
 538.6 539.1; 538.3 [122, 124] Sb2S3/Sb2S5 
 539.6 539.6 [123, 122] Sb2O3/Sb2O5 
 540.3 540.37; 539.9; 540.2 [20, 41, 122] Sb2O3/Sb2O5 
C 537.7 537.7 [123, 20] Sb 
 538.6 539.1; 538.3 [122, 124] Sb2S3/Sb2S5 
 539.4 539.6 [123, 122] Sb2O3/Sb2O5 
 540.3 540.37; 539.9; 540.2 [20, 41, 122] Sb2O3/Sb2O5 
D 537.7 537.7 [123, 20]  Sb 
 538.6 539.1; 538.3 [122, 124]  Sb2S3/ Sb2S5 
  539.4 539.6 [123, 122] Sb2O3/Sb2O5 
Sb 3d3/2 A 537.28 537.22 [41] GaSb 
B 537.28 
C 537.28 
D 537.28 
 
The presence of substantive native oxides (Ga2O3) is confirmed by the broad signal observed 
around 20.4-20.6 eV. This signal is rather strong in the reference sample but considerably 
reduced in all the sulphurized samples. Sulphurization apparently only partially removes 
Ga2O3 as is clear from spectra B-D.     
This is consistent with the observations made by Lin et al [41]. No Ga-S signal is detected, 
which correlates well with the related chemistry presented later.   
 
Figure 32 (b) shows the XPS core level spectra for Sb3d3/2. The Sb3d5/2 spectrum was not 
deconvoluted due to the contribution from the O 1s line at ~531 eV (resulting from a Sb or 
Ga oxide) in this part of the spectrum. De-convolution of the Sb3d3/2spectrum suggests the 
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presence of three Sb related compounds. The two strong signals observed for sample A at 
539.4–540.3 eV are ascribed to the native oxides Sb2O3/Sb2O5 and the weaker signal around 
537.7 eV to elemental Sb.  
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Figure 33:   XPS core level spectra and de-convolutions for the S 2p transitions (continuous lines) 
obtained from sample (C). 
The elemental Sb signal is enhanced by sulphurization in samples (B)-(D). Additionally, it is 
clear that the native oxides (Sb2O3/Sb2O5) are not completely removed by treatments (B) and 
(C), whereas for sample (D) extensive de-oxidation is evident. The higher energy signal 
observed around 538.6 eV for samples (B)-(D) is ascribed to Sb2S3/Sb2S5.  
In a complementary XPS depth profile probe, the as-received sample as well as treated 
samples (B)-(D) were each sputtered with Ar ions for 1 minute at a time followed by spectra 
acquisition. The results show that Ar ion sputtering resulted in complete removal of S and 
native oxides as depicted in Figure 34. Deconvolution of the Sb3d3/2 spectra reveals the 
existence of a single peak, assigned to GaSb, around 537. 28 eV [41]. The sputter rate in all 
cases was approximately 8.5 nm per min and thus it can be concluded that the native oxide 
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over-layer and the sulphide layer (in the case of treated samples) cannot be more than 8.5 nm 
thick.   
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Figure 34: XPS core level spectra and de-convolutions for the Sb3d3/2transitions (continuous lines) 
obtained from samples (A-D) after argon sputtering for a minute. 
 
6.5 Chemistry of sulphurization of GaSb 
This section provides an attempt to briefly explain the chemistry involved in the treatment of 
the GaSb surface with the various sulphur-based chemicals: 
In the case of sample (B), Na2S:9H2O will dissociate in water: 
            
               (6.1) 
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According to Bessolov et al. [42] a sulphide coating will be formed on the surface of a III-V 
semiconducting compound when exposed to a sulphide solution. The reaction at the GaSb 
surface would proceed as follows: 
                                 
       ,    (6.2) 
where the stoichiometric x′ and y′ (x′′andy′′)  coefficients can assume values between I and V. 
 The hydroxide generated in reaction (6.2) is responsible for the high alkalinity that 
characterizes the sodium sulphide solution and renders it inefficient in breaking oxide bonds 
on the GaSb surface. 
In the case of sample (C), the (NH4)2S will dissociate in water in a number of reactions 
(   )       
         (6.3) 
       
               (6.4) 
       
       
        (6.5)                                              
   
             
        (6.6) 
Although in this case hydroxide ions are still present, the simultaneous presence of 
hydronium ions (reaction (6.6)) ensures that the solution is less alkaline compared to 
treatment B. This solution is therefore more effective in attacking surface oxides.   
In addition to reactions (6.3) to (6.6), the ([(NH4)2S/(NH4)2SO4] + S) solution will be 
characterised also by the following reactions  
(   )         
     
         (6.7) 
   
      
     
            (6.8) 
and 
    
     
         
        (6.9)   
Reaction (6.6) ensures that hydronium ions are present in the solution. Meanwhile hydroxide 
ions are not as effectively produced as is the case with the other treatments; consequently, 
treatment (D) is the least alkaline of the three, making it the most effective at dislodging 
surface oxide bonds on the GaSb surface.  Finally, the relative resistance of Ga-O against de-
oxidation, by comparison to Sb-O, is now explained. Sb (III) and Sb (V) are prone to forming 
water-soluble anionic compounds (of varying life span), including sulphur and oxygen donor 
atoms. Since Sb (III) is a “softer” base in terms of its Lewis acidity by comparison to Sb (V), 
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Sb (III) is therefore more inclined to bind with S than is the case with Sb (V) and is expected 
to de-oxidize more effectively.  However, the formation of S based anionic coordination 
compounds (such as SbS4
3-
) allow for the gradual removal of both the Sb (III)-O and Sb (V)-
O.  Ga however acts as a “harder” base; consequently the lifespan of possible Ga-S species is 
negligible explaining why Ga-O persists on the GaSb surface.  For Ga-O the only feasible 
(but unlikely) pathway for possible de-oxidation in terms of acid-base chemistry, considering 
the experimental conditions discussed in this paper, involves the acidic protons generated 
upon the hydrolysis of ammonium (see reaction 6.6).   
Finally the advantage of using (NH4)2SO4 + S is summarized.   The removal of gallium 
oxide(s) under aqueous conditions basically is a matter of a neutralization reaction in terms of 
classical Bronstedt acid-base reactions.  In this case, the gallium oxides act as precursors for 
intriguing basic-alkaline gallium hydroxide species. Removal of the gallium oxides will be 
most effective when interacting with hydronium-ions whose concentration directly influences 
the removal thereof (speed, efficiency, etc.) according to the following reaction sequence 
Ga2O3 + 6H3O
+
 → 2Ga3+ + 9H2O       (6.10) 
The presence of sulfide ions which is of fundamental importance for the removal of antimony 
oxide(s) is, in the first place, detrimental to this reaction. Being the anion of the very weak 
Bronstedt acid hydrogen sulfide, H2S, the sulfide ions are prone to solvolysis reactions 
(hydrolysis in this special case) liberating hydroxide ions that will neutralize hydronium ions 
generated in the auto-protolysis of water, therefore lower their concentration and diminish the 
removal rate of gallium oxide(s) 
S2
-
 + 2H2O  →  H2S + 2OH
-        
(6.11) 
H3O
+
 + OH
- 
 →  2H2O        (6.12) 
Upon addition of ammonium ions, a buffered system is created in which part of the hydroxide 
ions are neutralized by interaction with ammonium ions. As an alternative explanatory 
approach, the ammonium ions can also be seen as additional generators for hydronium ions: 
NH4
+
 + OH
-
 → NH3 + H2O        (6.13) 
NH4
+
 + H2O → NH3 + H3O
+
        (6.14) 
In each case, the total amount of hydronium ions is increased, thus favouring the removal of 
gallium oxide(s) from the surface. 
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The addition of elemental sulphur is added to ensure the presence of ammonium poly-
sulphides in the solution that are necessary for the removal of antimony oxide(s) by the 
formation of complex antimony-oxygen-sulphur species featuring antimony in varying 
oxidation states. 
6.6 Determination of the etch rate of sulphur solutions 
Figure 35 shows Nomarski images of samples treated with the mentioned sulphur-based 
chemicals. The upper section, marked (I), was covered with molten wax to prevent etching. 
Micrograph (a) shows the covered (I) and exposed (II) sections respectively of theNa2S:9H2O 
sample treated for 1 hour at room temperature (treatment B). The choice of these 
experimental parameters was based on details from reference [17]. Randomly occurring 
surface defects (appearing as black spots) are visible. These defects are most likely etching 
pits related to the polishing process employed by the material supplier. No morphological 
difference - apart from a stain mark (possibly attributed to S deposition) is visible following 
treatment.  Dektak profiling across the boundary between sections (I) and (II) shows no 
evidence of etching. Clearly Na2S:9H2O does not etch GaSb, at least not for the time and 
temperature considered here.  Notably, the staining, if due to a deposit or possibly Ga-S or 
Sb-S is too thin to be detected by Dektak profiling.  Following treatment with (NH4)2S for 15 
minutes at 60 °C [31], the treated area shows no discolouration in comparison to the waxed 
area for this sample. An etch step is clearly visible upon profiling across the boundary.  
However, apart from “removal” of material, no noteworthy change in the morphology is 
observed.  Treating the material with ([(NH4)2S/(NH4)2SO4] + S) for 30 minutes at 60 °C, 
again does not alter the surface morphology but, as is the case for treatment (C), significant 
etching of the sample is evident.  The surface also appear to be smoother, containing fewer 
visible etch pits.  
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Figure 35: Normaski optical microscopy images of the various sulphur treated samples.  Section (I) 
represents the reference (untreated material) isolated from the sulphur treatment by covering it with 
wax, while section (II) ((a) - (c)) represents treatments (B), (C) and (D) respectively. 
 
(a) 
(c) 
(b) 
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Figure 36: Etch depth vs. time for bulk (100) n-GaSb for (NH4)2S, treatment (C), and 
([(NH4)2S/(NH4)2SO4] + S), treatment (D), respectively . 
 
Figure 36 shows the etch rate for treatments (C) and (D) respectively. The etch rate ( 0.1 
m/min) is similar for treatments (C) and (D) up to approximately 12 minutes where after the 
etch rate for treatment (D) increases 3 fold to  0.3 m/min.   The initial low and similar etch 
rate may be attributed to the resistance of the native oxides present on the GaSb surface 
against chemical removal. 
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6.7 Conclusions 
SEM, AES and XPS analysis have been used to analyse the effect of sulphur based 
chemicals, ([(NH4)2S / (NH4)2SO4] + S), not previously reported for the treatment of (100) n-
GaSb surfaces, and the commonly used passivants Na2S:9H2O and (NH4)2S. Dektak profiling 
has been used to analyse the effect on GaSb surface morphology of sulphur-based chemical 
treatment. Etch rates of the respective chemicals have been obtained.  ([(NH4)2S/(NH4)2SO4] 
+ S) was found to be  a more effective agent for surface oxide removal. In addition, XPS 
results showed that Ga2O3, Sb2O3/Sb2O5 and mainly adventitious carbon, are present on the 
surface of as-received GaSb. Treatment of the material in any of the sulphur-based solutions 
employed in this study resulted in the partial removal of the oxides from the surface. Analysis 
of the Ga3d core level spectrum showed that the more stable oxide, Ga2O3, is only partially 
removed in all the treatments. The Sb oxide(s) are more effectively removed by treating the 
surface with ([(NH4)2S/(NH4)2SO4] + S), but not with Na2S:9H2O and (NH4)2S.  This is 
shown in the analysis of the core level spectra of Sb3d3/2. The results presented suggest that 
Sb2S3/Sb2S5 “replaces” Sb2O3/Sb2O5 through the substitution of oxygen by sulphur. Depth 
profile studies which utilised XPS and sputtering processes in unison show that the depths of 
the native oxides layer on GaSb surface and the sulphide layer deposited in the course of the 
sulphur treatment cannot be more than 8.5 nm.  Treatment with ([(NH4)2S/(NH4)2SO4] + S), 
Na2S:9H2O and (NH4)2S not only results in the partial removal of native oxides and 
formation of a sulphide chemical species but in the case of ([(NH4)2S/(NH4)2SO4] + S), and 
(NH4)2S, there is substrate etching simultaneously going on. ([(NH4)2S/(NH4)2SO4] + S) in 
particular has a comparatively high etch rate while Na2S:9H2O  does not seem to have any 
etching effect at all. 
 
 
 
 
 
 
 
 
 
 
86 
 
Chapter 7 
Characteristics of Au, Pd and Al Schottky barrier diodes on bulk 
and epitaxial n-GaSb 
7.1 Introduction 
Sound rectifying metal-semiconductor contacts should have high barrier heights, reasonable 
zero bias depletion widths and low reverse leakage currents so that high signal-to-noise ratios 
(SNR) may be realized.  This is particularly important for sensitive electrical measurements 
such as for deep level transient spectroscopy where high SNR are important for determining 
defect emission rates,  especially when defects are closely spaced (in the energy domain) and 
their time constants overlap.  In conventional DLTS a time constant ratio of 12-15 is 
achievable.  With Laplace DLTS this can be improved to a time constant ratio of 2, provided 
that the SNR is increased to 1000.  This chapter discusses the electrical properties of SBDs 
fabricated on chemically cleaned and etched bulk n-GaSb. The material was however not 
subjected to sulphur treatment.  Although literature provides information on metallization 
schemes for SBDs on n-GaSb, these reports are differing [17, 38, 125].  It was therefore 
necessary to optimize the metallization scheme used in this study before the effect that 
sulphur treatment would have on the quality of SBDs, could be studied.   
In this study, three metals were used for the fabrication of SBDs namely, gold (Au), 
palladium (Pd) and aluminum (Al). The properties of these Schottky contacts were assessed 
using I-V measurements.  In addition to this, the thermal stability of these SBDs was 
determined by isochronal annealing (1 minute) in the temperature range 200 - 700 °C.  
Unless stated otherwise, room temperature was measured as 25 °C. It is instructive to note 
that large tunneling currents rendered CV measurements on SBDs fabricated on bulk n-GaSb 
rather unreliable.  Special care was therefore taken to ensure a suitably high rectification ratio 
when performing these measurements.   
The second part of the chapter compares the characteristics of similar metallization schemes 
on epitaxial Te doped n-GaSb, grown on n
+
 GaSb (n~10
18
) substrate with Au, Pd and Al 
metallization schemes assuming the same identities of sample A, sample B and sample C 
respectively.  The free carrier concentration of these layers, determined by RT Hall 
measurement, was ~5×10
16
 cm
-3
.  
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7.2 Characteristics of Au, Pd and Al SBDs on bulk n-GaSb  
Figure 37 depicts a plot of I vs V acquired at room temperature (RT) from the as-fabricated 
Au (Sample A), Pd (Sample B) and Al (Sample C) SBDs on n-GaSb.  Prior to device 
fabrication, the samples were degreased and etched (but not sulphurized) as outlined in 
chapter 5. 
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Figure 37: I-V characteristics of as-fabricated Au, Pd and Al SBDs. 
 
The I-V data was assessed assuming that thermionic emission is the dominant current 
transport mechanism in these devices [61, 73, 126]. Deviation from TE would be reflected in 
the ideality factor (exceeding 1) as described earlier.  Clearly all three devices are rectifying 
but are characterised by a high, non-saturating reverse leakage current as well as low forward 
bias rectification.  The leakage is most probably related to the relatively high free carrier 
concentration, and the related narrow depletion width which enables tunnelling through the 
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barrier, as well as to surface states forming mid-gap recombination centers. The tapering off 
of the current with increasing forward bias is attributed to the high series resistance at the 
interface consequently restricting the flow of charge. The rectification ratio for all the SBDs 
is similar and falls between ~ 4 and 6.  The barrier height and the reverse leakage current 
(measured at -0.2 V) are shown in Table 5. 
Table 5: Diode parameters extracted from the I-V characteristics of the as-fabricated Au, Pd and 
Al/n-GaSb Schottky barrier diodes. 
SBD Ireverse (×10
-5
A) n ϕb (eV) RR IS (×10
-5
A) 
Au 5.1 2.70 0.45 5.6 1.63 
Pd 9.0 1.96 0.46 5.8 0.92 
Al 33.0 3.19 0.40 4.4 11.40 
RR* Rectification Ratio (determined at -0.2 V) 
 
The Au/n-GaSb Schottky diode clearly has the lowest leakage current but the highest series 
resistance, exhibiting about 4 and 6 times lower leakage current at -0.2 V  compared to  the 
Pd and Al contacts respectively. Although all the SBDs show non-ideal behaviour, the Al 
SBD with an ideality factor of 3.19, is the least ideal. Despite the considerable difference in 
their work function (5.28 eV, 5.40 eV and 4.19 eV for Au, Pd and Al respectively predicting 
Schottky-Mott barrier heights (eq 3.1) of 1.22, 1.34 and 0.13 eV, the measured barrier heights 
are very similar and approximately consistent with the    ⁄    “rule” associated with Fermi 
level pinning. Notably Au and Pd form contacts with barrier heights that are practically the 
same (0.45 eV and 0.46 eV) respectively [127] whereas the barrier height for Al is lower at 
around 0.40 eV, partly explaining the higher leakage current for this SBD.  
Figures 38-40 show the annealing temperature dependence of the I-V characteristics of the 
Au, Pd and Al SBDs.  The annealing was performed isochronally (1 min.) in a nitrogen rich 
environment at predetermined temperatures as indicated on the graphs.  Table 6 lists the 
temperature dependence of the respective diode parameters. 
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Figure 38: I-V characteristics of Au/n-GaSb (100) Schottky contacts annealed in the temperature 
range 25-400 °C. 
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Figure 39: I-V characteristics of a Pd/n-GaSb (100) Schottky contact annealed in the temperature 
range 25-450 °C. 
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Figure 40: I-V characteristics of Al/n-GaSb (100) Schottky contact annealed in the temperature range 
25-700 °C. 
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Table 6: Diode parameters extracted from the I-V characteristics of Au/n-GaSb, Pd/n-GaSb and Al/n-
GaSb contacts annealed for 1 minute at the respective temperatures. 
Temp (°C) 25 200 300 350 400 450 500 550 600 
R (I)@-0.2V (x10
-5
A) 
Sample A 5.1 4.21 8.43 14.06 249 - - - - 
Sample B 9.0 8.25 46.50 58.80 104 431 - - - 
Sample C 33.0 28.5 29.4 22.9 4.59 4.51 3.83 4.13 2.45 
R-Ratio@±0.2V 
Sample A 5.60 3.34 5.01 15.65 1.18 - - - - 
Sample B 5.80 7.67 6.80 7.21 4.64 1.60 - - - 
Sample C 4.40 4.14 4.52 4.98 3.87 3.58 3.64 4.15 0.59 
IS(x10
-5
A) 
Sample A 1.60 1.18 0.40 3.51 4.40 - - - - 
Sample B 0.90 0.85 5.40 10.0 21.0 81 - - - 
Sample C 11.40 8.70 9.30 6.54 0.45 0.33 0.33 0.33 0.20 
n 
Sample A  2.70 3.11 3.11 1.70 3.06 - - - - 
Sample B 1.96 1.79 1.89 2.05 2.45 3.59 - - - 
Sample C 3.20 3.05 2.97 2.77 2.18 2.04 2.12 2.05 1.91 
B.H (eV) 
Sample A 0.45 0.46 0.43 0.44 0.38 - - - - 
Sample B 0.46 0.47 0.42 0.40 0.38 0.35 - - - 
Sample C 0.41 0.41 0.41 0.41 0.48 0.49 0.49 0.49 0.50 
R (I)*-Reverse current 
R-Ratio*- Rectification ratio 
 
An analysis of the reverse leakage current at -0.2 V and the accompanying barrier height 
reveals that Au/n-GaSb Schottky contact quality marginally improves upon annealing at  
200 °C (see Table 6 and Figure 38).   
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Figure 41: Reverse leakage current measured at -0.2 V as a function of the annealing temperature for 
Au, Pd and Al contacts on bulk n-GaSb. 
It is reasonable to expect thermo-migration of Au, Pd and Al into the semiconductor 
accompanied by simultaneous out-diffusion of Ga and Sb at the contact interface at elevated 
temperatures.  This will result in the alloying and the formation of a variety of complexes and 
phases with different work functions. Su et al. [128] performed similar measurements on 
epitaxial GaSb with Pd as the contact metal. Results show that the Pd/n-Gasb (n ~ 2-
6×10
17
cm
-3
) Schottky contacts turned ohmic after a 30 minute anneal at 450 °C. 
Accompanying Rutherford Backscattering Spectroscopy and XRD analysis revealed Pd in-
diffusion and Ga and Sb out diffusion to form Ga5Pd, Pd2Sb, Ga2Pd5 and Pd8Sb3 responsible 
for the deterioration. Eftekhari [61] performed a similar experiment on Al /bulk n-GaSb 
SBDs. The GaSb substrate in their case was either used “as-received” or it was treated with 
(NH4)2S for surface stabilisation/passivation. While these authors observed a slow 
deterioration in the diode quality for both the treated and untreated material, the Al/n-GaSb 
contacts in our case improved up to 600 °C, and then deteriorated after annealing at 700 °C as 
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previously pointed out. It is instructive to note that Pd and Al SBDs fabricated in this study 
were mechanically more robust than Au SBDs that were rather prone to scratching.  
7.3 I-V and C-V characteristics of Au, Pd and Al Schottky contacts on 
epitaxial n-GaSb 
The I-V characteristics of sample A, sample B and Al sample C Schottky contacts on 
epitaxial n-GaSb measured at RT are displayed in Figure 42 while the corresponding 1/C
2
-V 
curves are depicted in Figure 43.  The diode parameters extracted from the I-V and C-V data 
are listed in Table 7.  
Table 7: Diode parameters extracted from the C-V and forward bias I-V characteristics for the Au, 
Pd, and Al Schottky contacts on epitaxial n-GaSb. 
 
SBD n    
(IV) 
n  
(dV/dlnI) 
ϕb (eV)                                  
(I-V) 
ϕb (eV)       
(C-V) 
Rs ()    
(dV/dlnI)      
Rectification 
ratio@ 0.3V 
IS (A) 
×10-7 
ND x10
16cm-3    
(C-V) 
A 1.60 1.58 0.56 0.35 44.85 ~60 2.36 ~3 
B 1.39 1.30 0.54 0.33 34.78 ~160 4.39 ~8 
C 2.46 3.36 0.53 0.37 47.42 ~9 24.0 ~8 
 
The C
-2
 – V plots of Au/n-GaSb, Pd/n-GaSb and Al/n-GaSb Schottky contacts shown in 
Figure 43 give doping concentrations of between 3×1016 and 8×1016 cm-3 which compares 
well with that obtained by RT Hall measurements. The difference is ascribed to non-uniform 
lateral doping of the epitaxial layer rather than the metal used to fabricate the SBD. 
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Figure 42: RT I-V characteristics of the Au (sample A), Pd (sample B) and Al (sample C) SBDs on 
epitaxial n-GaSb. 
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Figure 43: 1/C
2 
vs V characteristics of the Au, Pd and Al SBDs on epitaxial n-GaSb deduced from 
RT C-V measurements. 
Indeed similar variances were observed across a particular sample. Additionally the slightly 
lower concentration measured on the Au/n-GaSb SBD may be a consequence of the 
unreactive nature of gold, which in contrast to the other metallization schemes, prevents a 
chemical reaction from taking place with the semiconductor.  
It is clear from Figure 42 that the Au Schottky contact on epitaxial GaSb has a significantly 
lower reverse leakage current compared to those reported in literature for similar studies on 
epitaxial GaSb [62]. This is possibly an indication of the superior quality of the material 
grown and used to fabricate the SBDs in this study. It is noteworthy to point out that 
unusually, here an SBD with saturating reverse characteristics has been fabricated on GaSb.  
Additionally all three SBDs show reasonable levels of rectification.  As was the case for the 
SBDs fabricated on bulk GaSb, here also the Au SBD has a similar but slightly higher barrier 
height than the Pd SBD.  It is instructive to note that the barrier height for all three metals is 
almost identical: with the difference between the highest and the lowest being 0.03 eV (~5%). 
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This clearly suggests that the barrier height is not determined by the Schottky-Mott theory but 
rather by defect states present at the surface of the semiconductor [4, 129]. In all cases the 
contacts are non-ideal, suggesting that current transport cannot exclusively be described by 
thermionic emission. An interesting observation regarding the reverse leakage current is that 
“saturation” is only observed for the Au/n-GaSb system.  Further work is required to find a 
plausible explanation for this.   
The presence of surface states in these devices is confirmed by the downward bending of the 
I-V curves in the higher forward bias region.  This is due to the added resistance provided by 
the interface states.  The series resistance for these devices was determined using the method 
proposed by Cheung and Cheung [100] and the values obtained are listed in Table 7.   Figure 
44 depicts the interface state density,     , of the SBDs as a function of energy in the band 
gap (Ess) – measured with respect to the bottom of the conduction band (Ec).  The procedure 
followed was outlined in chapter 4 [130, 131]. It is clear from Figure 44 that epitaxial GaSb 
is characterised by a substantial number of surface states and that the surface state density 
increases from midgap towards the conduction band edge.    
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Figure 44: Density of the interface states    as a function of        for the Au, Pd, and Al SBDs 
fabricated on epitaxial n-GaSb. 
 
Although the variance in the surface state density (~ 4×10
15
cm
-3
at 0.35 eV) , seems related to 
the metal/semiconductor system, this assertion will be premature since  mapping (of the 
surface state density) for a particular wafer (simply due to a shortage of good quality epitaxial 
material needed for this study) has not been performed.  This will however be attended to in a 
subsequent study.  Finally, results presented here are in good agreement with similar studies 
for SBDs on GaSb [106].   
 
99 
 
7.4 Conclusions 
Au, Pd and Al Schottky contacts on bulk Te doped n-GaSb (100) exhibit high reverse leakage 
current. Annealing the Schottky contacts at 200 °C for one minute marginally improves the Au 
contact quality while the Pd and Al contacts remain almost unchanged. Additional high 
temperature isochronal annealing results in deterioration of the SBD quality in the case of Au 
and Pd while for Al, the contacts improve by annealing up to 600 °C. 
Furthermore Au, Pd and Al SBDs fabricated on MOVPE grown n-GaSb are far superior to 
their bulk counterparts and show significant rectification.  Au produced the best quality and 
importantly revealed a saturating reverse current up to -3V. All three metal contacts on 
epitaxial material are far from ideal and they all have substantial concentrations of interface 
states. These interface states are probably nonradiative recombination centres contributing 
significantly to the high non-saturating reverse currents generally observed.   
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Chapter 8 
Influence of sulphur treatment on I-V characteristics Au Schottky barrier 
diodes on bulk GaSb:Te 
8.1 Introduction 
Apart from being used as basic switching devices in microelectronics circuits, SBDs are also 
frequently used to study the near surface region of semiconductor materials for defects. 
Additionally surface quality determines device performance, reliability and stability [132, 
133, 134].  Measuring the I-V response of a SBD consequently allows one to indirectly 
obtain information regarding the properties of the interface region. The reverse leakage 
current in Au, Pd and Al on bulk n-GaSb SBDs was found to be very high, but by comparison 
the lowest in the Au Schottky contacts. The reader is reminded that a literature overview of 
the characteristics of SBDs on GaSb and the effect of surface treatment on the quality thereof 
is presented in chapter 2.  This chapter examines the effect of treatment with aqueous 
sulphide solutions Na2S:9H2O, (NH4)2S and [(NH4)2S/(NH4)2SO4 + S] have on the quality of 
MS rectifying contacts. Current-voltage measurements were used to extract, among others, 
the barrier height (ϕb), series resistance (RS), and the ideality factor (n).  These were used to 
quantify the surface state density following each of the specified treatments. Additionally, an 
attempt was made to examine the thermal stability of any improvement due to sulphur 
treatment. Since Au SBDs fabricated on “unpassivated” bulk GaSb were found to be 
thermally most stable, the same SBD system was used to investigate the stability of the 
devices, following treatment.  Consequently Au SBDs were fabricated on the sulphur treated 
bulk n-GaSb as described earlier and the device characteristics, evaluated by current-voltage 
measurements, were compared to establish the most effective passivant from an electrical 
response perspective.  Since [(NH4)2S/(NH4)2SO4 + S] was found to be the most effective 
“passivant”  SBDs fabricated on material treated with this passivant were consequently 
annealed isochronally (1 minute intervals) in a N2 rich environment at predetermined 
temperatures to determine the thermal stability of this treatment.   
8.2 RT current-voltage measurements 
The reader is reminded that a detailed description of the experimental procedures followed to 
prepare samples (A-D) to be electrically characterized in this section, and the theory 
pertaining to the subsequent analysis, have been provided in chapters 4 and 5 respectively. 
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For this study, ohmic contacts were formed by evaporating AuGe (100nm)/Ni (50nm)/Au 
(50nm) on the rear surface of the as received bulk n-GaSb:Te. As was the case previously, 
circular Au Schottky contacts 0.50 mm in diameter and  100 nm thick, were subsequently 
resistively evaporated through a metal shadow mask on all the samples on the polished (front) 
surface. 
 
Figure 45 depicts room temperature I-V characteristics of  Au SBDs fabricated on as-
received (Sample A), Na2S:9H2O (Sample B), (NH4)2S (Sample C) and ([(NH4)2S/(NH4)2SO4] 
+ S) (Sample D) treated bulk n-GaSb samples. The current transport through the SBD (as 
discussed in chapter 4), considering thermionic emission as the dominant transport 
mechanism is given by 
    (   (     ⁄ )   ),        (8.1) 
with   , the saturation current given by 
     
       (     ⁄ ).       (8.2) 
In the above equations, A is the diode area,    the effective Richardson constant (5 Acm-2K-2 
for GaSb) [61],   the electron charge, k is the Boltzmann constant and T the sample 
temperature. The ideality factor n, a measure of the degree to which pure thermionic emission 
can be considered as the dominant transport mechanism, has been obtained from the linear 
region of the semi-logarithmic I-V plot.   
As is clear from Figure 45, the SBD fabricated on the reference material (Sample A) has a 
larger reverse leakage current (approximately by an order of magnitude at - 0.2 V), and a 
larger series resistance, with applied forward biases (indicated by the downward bending) 
compared to the treated samples. Values of 2.72 and 0.44 eV were extracted for the ideality 
factor and barrier height respectively. The large value obtained for n in this case suggests that 
thermionic emission is not the dominant current transport mechanism and that tunnelling and 
surface recombination currents contribute significantly to the measured reverse current [49, 
60]. It is instructive to note that for semiconductors with reactive surfaces, such as GaSb, the 
interface states and native oxides are often non-uniformly distributed across the surface.  
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Figure 45: I-V characteristics of Au Schottky contacts on as-received (Sample A), and treated n-
GaSb(Samples B-D) depicted graphically. 
 
Consequently the barrier, established between the metal and the semiconductor may be 
inhomogeneous, leading to low barrier height patches and consequently to tunnelling paths.  
This together with surface defects (via recombination) may be the reason for the non-saturating 
nature of the reverse leakage current observed in this study.  These leakage currents pose 
serious problems for the analysis of electrically active defects in GaSb and similar materials by 
DLTS (using SBDs). The reason for this is that the thermal emission (depopulation) of carriers 
from reverse biased diodes is interfered with by reverse capture (population). Additionally, 
elemental Sb, present on the surface of the GaSb (see chapter 6) may form parallel conduction 
paths at the interface, leading to large, non-saturating leakage currents. Apart from possible 
barrier inhomogeneity, low integrity native oxides, being dielectric too, may contribute to 
lowering the barrier height [36], consequently enhancing reverse leakage.   
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Clearly treatment with Na2S:9H2O (Sample B) results in notable improvement as suggested by 
both the forward and reverse characteristics of the device. Marginal additional improvement in 
diode quality, especially for the reverse leakage current, is observed following treatment with 
(NH4)2S (Sample C) and ([(NH4)2S/(NH4)2SO4] + S)  (Sample D). Sample D yields the lowest 
ideality factor (1.17), the highest BH (0.54 eV) and a near 50 fold enhancement in the 
rectification ratio, the highest for the treated samples. The higher barrier height suggests that 
partial unpinning height has been achieved but that large concentrations of surface states are 
still present on the surface.  This observation is supported by the XPS results presented in 
chapter 6. 
The reader will recall that de-convolution of the Ga3d core level signals; shown in Figure 32 
(a) revealed two constituent compounds. One of the signals at around 19.5 eV for samples A-D 
was ascribed to elemental Ga (or possibly but unlikely, GaSb). This inference was drawn 
following deconvolution of the S 2p core level signal revealing the presence of unbounded Ga 
at 159.6 eV - 159.8 eV (not shown).  The presence of substantive native oxides (Ga2O3) has 
been confirmed by the broad signal observed around 20.4-20.6 eV. This signal was rather 
strong in the reference sample but considerably reduced in all the sulphurized samples. 
Sulphurization apparently only partially removes Ga2O3 as was clear from spectra B-D.    This 
is consistent with the observations made by Lin et al. [41]. No Ga-S signal was detected, which 
correlated well with the chemistry model presented.   
 
De-convolution of the Sb3d3/2spectrum in Figure 32 (b) suggested the presence of three Sb 
related compounds. The two strong signals observed for sample A at 539.4–540.3 eV were 
ascribed to the native oxides Sb2O3/Sb2O5 and the weaker signal around 537.7 eV to elemental 
Sb.  Very importantly, the elemental Sb signal is enhanced by sulphurization in samples B-D. 
Additionally, it is clear that the native oxides (Sb2O3/Sb2O5) are not completely removed by 
treatments B and C, whereas for sample D extensive de-oxidation is evident.  
Clearly sulphur treatment removes some of the native oxides, but exposes elemental Sb.  This 
Sb layer, being metallic, prevents intimate contact between the deposited metal and the 
semiconductor and impedes barrier formation.  Additionally, it forms a parallel conducting 
leading to the severe leakage commonly observed for all SBDs on bulk GaSb.  It therefore 
seems important to find a way of removing this layer before good quality diodes will be 
possible on bulk GaSb.  
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Table 8 summarizes the diode parameters extracted from the I-V characteristics for the as-
received and the treated surfaces for which the I-V characteristics were depicted in Figure 45.  
Table 8: Diode parameters extracted from the forward bias I-V characteristics for samples (A-D) using 
the thermionic emission model and the Cheung and Cheung [100] method. 
 
Sample n(I-V) n(dV/dlnI) Φb(I-V) (eV) Rs(dV/dlnI) (Ω) Rectification 
ratio@±0.2V 
A 2.72 2.44 0.44 56 5 
B 1.30 1.27 0.51 7.3 31 
C 1.24 1.28 0.53 11.8 37 
D 1.17 1.24 0.54 8.1 49 
 
A procedure developed by Cheung and Cheung [100], was used to extract values for the series 
resistance (RS) of the diodes for which the I-V characteristics are shown in Figure 45. The 
slope of a plot of d(V)/dln(I) versus I shown in Figure 46 provides RS and the y-intercept, 
nkT/q. 
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Figure 46: A plot of d(V)/dln(I)vsI and corresponding linear fits for treatments (A) to (D) 
respectively. 
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The results of n and RS for samples (A-D) are listed in Table 7. From Figure 46 it is evident 
that sulphurization in all cases reduces the series resistance significantly from 56  to as low 
as 7  (i.e. 8 fold) with the efficiency of the treatment – at least in terms of Rs – being 
similar.  The ideality factor too reduced from 2.4 for the reference sample to ~ 1.2 for the 
sample D.  
8.2.1 Quantifying the surface states using I-V measurements 
The reader is reminded (see chapter 4) that the nature of the potential barrier, b, between the 
Fermi level in the metal and the majority carrier band edge at the interface, is an important 
characteristic of a MS contact. This potential barrier largely determines the rectification ratio 
and consequently the performance and in particular the signal-to-noise ratio of a 
semiconductor device. These surface states pin the Fermi level at the interface, and largely 
explains why a difference in the theoretically predicted and the practically observed barrier 
heights is observed [103].   
Next a brief description of the procedure used to quantify the surface state densities for the 
samples (A-D) using I-V data is given. The energy of the interface states (ESS) with respect to 
the bottom of the conduction band (EC) was calculated using [135, 136] 
 VqEE essc            (8.3) 
where e is the voltage dependent effective barrier height 
dVbe             (8.4) 
β is given by 
)(11 Vn           (8.5) 
The ideality factor ( )(Vn ) depends on the applied voltage since the barrier height is bias 
dependent for such non-ideal structures. Image forces and the charged state of the surface 
states, a function of the applied voltage will modify the effective barrier height e  [103]. The 
voltage dependent ideality factor, using equation 8.1 is given by [81] 
  )ln( SIIkTqVVn          (8.6) 
n(V)  has been calculated for the various treated samples and below is the graph of n(V)plotted 
against V. 
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Figure 47: A plot of n(V) vs. V  for samples (A-D). 
 
From the graph, it is clear that the ideality factor is higher by at least a factor of 2  for the 
untreated sample (A) confirming that the current transport mechanism cannot be attributed 
exclusively to thermionic emission  and that tunnelling through the barrier (i.e. field emission), 
or near surface recombination via mid gap defect states should be at play.  Notably, all sulphur 
based treatments (B-D) improve the ideality factor considerably, with the most significant 
improvement observed for treatment (D) namely, ([(NH4)2S/(NH4)2SO4] + S).    This result as 
previously stated correlates with the XPS results reported in chapter 6, which suggest that 
treatment D is most efficient at deoxidizing the GaSb surface. One is therefore tempted to 
ascribe the improved diode characteristics to the more effective de-oxidation of the surface. 
Card and Rhoderick [132] quantified the relationship between the voltage dependent ideality 
factor,  ( ) and the density of the interface states,     for a Schottky diode where the interface 
is in equilibrium with the semiconductor.  This relationship is given by [132] 
 ( )    
 
  
[
  
 
     ]        (8.7)   
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Where   is the space charge width,    and    are the permittivities of the semiconductor and 
the interfacial layer respectively and δ  is the thickness of the interfacial layer [130, 136].In this 
case, an average W calculated for the applied V was used).     was calculated substituting the 
relevant values of n(V) depicted in Figure 47 together with the respective diode parameters into 
equation 8.7. The thickness of the interface layer, inferred from XPS studies, was assumed to 
be 8.5 nm for the native oxide layer on sample A and an estimate of half this value for treated 
samples as AES and XPS results showed that oxides are partially removed by sulphur 
treatment. This estimate is crude but is suitable to establish the relative effectiveness of the 
respective passivants to remove the native oxides.   Figure 48 depicts the calculated surface 
state density as function of position in the band-gap calculated for samples (A - D).         
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Figure 48: Density of interface states,    , as a function of position in the band gap,       , for the 
diodes fabricated on samples (A-D) respectively, deduced from I-V measurements performed at room 
temperature. 
An increase in the density of interface states is apparent for all samples from mid-gap 
towards the bottom of the conduction band, similar to previous related studies [137, 138]. 
Clearly the density of surface states is much higher in Sample (A) compared to samples (B-
D). This confirms that that the sulphur treatment is effective at reducing the electrically active 
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interface states.  Additionally, it also explains why the reverse leakage current, likely to 
originate partially from recombination at these surface states, is reduced by sulphurization. 
The reverse leakage is however still significant implying that sulphurization is only partially 
effective at either passivating or removing these surface states, elemental antimony most 
probably being the main cause. 
8.3 Thermal stability 
Figure 49 shows I-V characteristics of sample D annealed in the temperature range  
25-400 °C. The I-V data acquired from the ([(NH4)2S/(NH4)2SO4] + S) passivated sample 
 ( sample D)  prior to and after annealing, were assessed assuming that, the current through 
the device was dominated by thermionic emission [61, 73] and compared to results obtained 
from a similar study on an as-received sample (sample A, chapter 7).  
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Figure 49: I-V characteristics of an Au on ([(NH4)2S/(NH4)2SO4] + S) treated bulk n-GaSb (100) 
Schottky contact (Sample D) in the temperature range 25-400 °C. 
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The reverse current at -0.2 V and the corresponding barrier height from Samples A and D are 
depicted in Figure 50. 
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Figure 50: Reverse leakage current measured at -0.2 V and the barrier height as a function of the 
annealing temperature for samples A and D. 
As has already been noted in chapter 7, the diode parameters of sample A are marginally 
enhanced by annealing at 200 °C but start deteriorating at around 300 °C. Meanwhile those of 
sample D remain virtually unchanged up to 300 °C. After annealing at 400 °C, both contacts, 
but more so for sample A, are essentially ohmic due to inter diffusion at the MS interface. 
It was previously observed that sulphur treatment enhances the quality of SBDs on bulk n-
GaSb.  The passivation not only increases the barrier height (via unpinning of the Fermi 
level) with an accompanied consequential reduction in the reverse leakage current but also 
renders the device thermally more stable as is evident from the above. The failure of the 
diode, following annealing at 400 °C and higher, is ascribed to diffusion of Au into the 
semiconductor and out diffusion of Ga and Sb as already described in chapter 7.  
The improved thermal stability following sulphur treatment is attributed to the  formation of 
S-S, S-III and S-V bonds [61]  which provide a barrier against the in-diffusion of Au and 
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possibly also the out diffusion of Ga and Sb up to around 300 °C.   Increasing the temperature 
provides the system with sufficient thermal energy to overcome this barrier, resulting in alloy 
formation at the interface. It is also worth noting that the diodes on sample D were stable for 
at least three months, with no evident measurable change in the I-V characteristics thereof. 
8.4 Conclusions 
SBDs on as-received bulk n-GaSb (100) are leaky and are characterised by a low barrier 
height, high ideality factor and high series resistance. Treatment of the surface by sulphur-
based chemicals prior to contact fabrication generally improves the quality of SBDs. The 
improvement is most significant/effective following treatment with a ([(NH4)2S/(NH4)2SO4] 
+ S) solution as evidenced by an improved barrier height, a lower reverse leakage current, a 
reduced series resistance and an ideality factor that approaches unity. The improvement can 
be attributed to a reduction of surface oxides which lower the surface state density. Surface 
states act as recombination centres and are responsible for lower barrier heights and 
consequently, high leakage currents. 
Passivation of the GaSb surface prior to Au contact deposition enhances the thermal stability 
of the SBD probably due to the formation of sulphur bonds on the surface, acting as a 
diffusion barrier for the in-diffusion of Au and possibly the out diffusion of Ga and Sb.  
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Chapter 9 
I-V-T characteristics of Au on bulk (100) n-GaSb and of Pd on epitaxial n-
GaSb Schottky barrier diodes 
9.1 Introduction 
The Schottky barrier diode (SBD) is an important semiconductor device because of its low 
junction capacitance, low forward voltage drop, and faster switching action compared to 
conventional p-n junctions. These characteristics render SBDs particularly useful for high 
frequency switching applications, signal clamping, and clipping [139].  It is also used for 
material characterization. Since the reliability and stability of devices are intimately related to 
the surface quality of the semiconductor, an understanding of the surface properties is of 
great importance [105]. Normally, in the case of SBDs the surface is terminated by a thin 
interfacial native oxide layer [140]. In particular, as already pointed out in chapter 2, GaSb 
readily oxidises, resulting in a native oxide layer together with elemental (Sb) deposits. 
Furthermore, it has been documented that treating III-V semiconductors, including GaSb, 
with sulphur-based chemicals in particular passivates these material surfaces, resulting in 
improved electrical and optical properties [17, 141].  
In this chapter the temperature dependence of Au on bulk Te doped (ND ~10
17
 cm
-3
) and of 
Pd on epitaxial Te doped (ND ~10
16
 cm
-3
) GaSb SBD parameters are studied in the 
temperature range 80 – 330K.  This is done in order to gain a better understanding of the 
current transport properties of these structures. The RT I-V characteristics and related current 
transport mechanisms of SBDs on GaSb have been studied fairly well [140, 142]. Low 
temperature I-V characteristics assuming thermionic emission (TE) as the dominant current 
transport mechanism have shown irregularities that TE cannot explain adequately [143, 144].  
This abnormality, usually depicted by an increase in the ideality factor and a corresponding 
decrease in the barrier height at low temperatures, leads to non-linearity in the activation 
energy (i.e. in the ln(Io/T
2
) vs. 1/T plot) [145]. It is also revealed by the so-called T0 effect, an 
effect verified by a plot of nT vs. T. Accordingly, the variation of the ideality factor with 
temperature has been found to follow the relationship [146, 147]  
T
T
n 01            (9.1) 
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The abnormal behaviour has been successfully interpreted on the basis of an assumed 
Gaussian distribution of the barrier height around an average value, resulting from 
inhomogeneities of the barrier height at the MS interface.  The barrier height has a spatial 
variation, allowing for a Gaussian distribution with a linear bias dependence of the mean and 
standard deviation [143, 148, 149, 150]. 
 
Structures on bulk GaSb have relatively large leakage currents, attributed to a combination of 
factors, such as the narrow band-gap, the relatively high carrier density, and the presence of 
defect states contributing to tunnelling.  A more thorough analysis of the current transport 
system was therefore reserved for devices made on epitaxial GaSb, which yielded some of 
the lowest observed reverse leakage, and also yielded high saturating currents. Section 9.2 
will be devoted to analysing results obtained from SBDs fabricated on bulk GaSb, while 
section 9.3 will deal with similar work on epitaxial GaSb structures. The chapter is concluded 
in section 9.4 with a brief summary and conclusions. 
9.2 Current transport in SBDs on bulk n-GaSb 
Two Au SBDs were analysed in this section, namely SBD 1, fabricated on as-received GaSb 
and SBD 2 , which was fabricated on the same GaSb substrate but that was treated with a 
sulphur blended (NH4)2S/(NH4)2SO4 + S solution (referred to as treatment D earlier) prior to 
SBD fabrication.  I-V measurements on these devices were used to extract diode parameters 
in the temperature range 80 – 330 K.  Attempts were made to analyse C-V data obtained from 
the Au/n-GaSb SBDs however, large leakage currents, mentioned earlier, rendered these 
measurements unreliable. 
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9.2.1 Current-voltage measurements 
Figures 51 and 52 depict forward I-V characteristics obtained from SBD 1 and SBD 2 
respectively. 
0.0 0.1 0.2 0.3 0.4 0.5
10
-8
10
-7
10
-6
10
-5
10
-4
10
-3
10
-2
10
-1
 330K
 320K
 300K
 280K
 260K
 240K
 220K
 200K
 180K
 160K
 140K
 120K
 100K
 80K
 330K
 80K
 
 
C
u
rr
e
n
t 
(A
)
Voltage (V)
 
Figure 51: Forward I-V characteristics in the temperature range 80-330 K obtained from Au/n-GaSb 
Schottky diodes fabricated on the as-received GaSb (SBD 1).  
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Figure 52: Forward I-V characteristics in the temperature range 80-330 K obtained from Au/n-GaSb 
Schottky diodes fabricated on material treated with  (NH4)2S/(NH4)2SO4 + S  (SBD 2). 
Clearly, temperature has a significant influence on the I-V behaviour of both these diodes, as 
is clear from the increase in the forward and reverse current (not shown) with temperature for 
the same applied voltage. This behaviour is expected, since the thermal energy of the system 
increases with temperature, leading to a higher average kinetic energy associated with the 
charge carriers. Moreover, the forward I-V characteristics exhibit linearity over several orders 
of current for both surfaces, but a wider region is observed for the treated sample. This is 
especially prominent in the high temperature region (300 -330 K). The linear region 
eventually tapers off  at sufficiently high voltages, which is  a manifestation of the series 
resistance (Rs) (comprising the resistance of (i) the material, (ii) the interfacial native oxide 
layer, (iii) interface states and (iv) the ohmic contact of the device [149, 148].  
The current in a forward biased SBD, considering thermionic emission (TE) as the dominant 
charge transport mechanism, has been fully discussed in chapter 3, but it is repeated briefly 
here, together with other key expressions to refresh the memory [98, 99, 120] 





 

nkT
IRVq
II SS
)(
exp         (9.2) 
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where the saturation current    is given by 
     
      ( ( (     ⁄ ))       (9.3)  
A is the effective diode area,    is the effective Richardson constant,  , the electronic charge, 
 , the Boltzmann constant,   , the zero-bias barrier height,   the sample temperature in 
Kelvin and n is the ideality factor. Equations (9.2) and (9.3) can be applied to I-V 
characteristics measured at each particular temperature to extract corresponding values of n 
and Φb for a Schottky barrier diode, using A= 1.96x10
-3
cm
-2       =5Acm-2K-2 for GaSb 
[61].  
Table 9 lists the values extracted for the barrier height and ideality factor for SBDs 1 and 2 in 
the temperature range studied, whereas Figures 53 and 54 depict in graphical form the 
temperature dependence of these parameters. 
Table 9: Values of the barrier height and ideality factor for SBDs 1 and 2 in the temperature range 
80-330 K, determined using the slope and the intercept of the linear portion of the ln I vs. V plot of the 
I-V characteristics. 
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Figure 53: A plot showing the variation of the barrier height as a function of temperature for SBD 1 
and SBD 2 respectively. Solid lines represents attempted fits to the data. 
T (K) 80 100 140 180 220 260 300 330 
ϕb (eV) 
1             0.60 0.59 0.58 0.54 0.49 0.45 0.43 0.40 
2 0.73 0.72 0.70 0.67 0.64 0.59 0.54 0.50 
n 
1           5.65 4.65 3.60 3.11 2.90 2.78 2.71 2.63 
2 3.91 3.30 2.47 1.78 1.45 1.26 1.20 1.14 
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Figure 54: Variation of the ideality factor with temperature for SBD 1 and SBD 2. 
Although the behaviour of the barrier height with temperature is opposite  to that of other 
semiconductors [146, 148, 151, 152], the same trend is  observed for both the treated and 
untreated samples, namely, an increasing barrier height value with decreasing temperature. 
The barrier height of SBD 1 (on as-received material) increases from 0.4 eV at 330 K to 0.6 
eV at 80 K while for SBD 2 (the treated sample); it increases from 0.5 to 0.73 eV in the same 
temperature range. Both samples have an ideality factor greater than unity at room 
temperature, which tends to increase with decreasing temperature. 
The inverse temperature dependence of the ideality factor, which is in accordance with the 
thermionic emission theory, is attributed to patches (inhomogeneities) in the barrier. In a 
study where MS structures on GaAs were interfaced through hydrocarbons, the Fermi level 
pinning, apparently enhanced by the hydrocarbon interfacial layer, was calculated to increase 
with decreasing temperature and the barrier height behaved similarly [153]. Invoking these 
findings, we can conclude that an interfacial layer pins the Fermi level in GaSb and that the 
pinning increases with decreasing temperature; i.e. the barrier height essentially tracks the 
Fermi pinning level.  
 
A plot of the barrier height vs. n for the temperature range 80-330K is shown in Figure 55. 
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Figure 55: A plot of barrier height against the ideality factor, extracted from I-V measurements on 
SBD1and SBD 2. The straight lines shown are a result of linear fitting. 
The variation appears to be linear in two temperature regions for the two samples. 
Subsequent fitting of the data yields a linear relationship for the barrier height and ideality 
factor in both cases. A linear relationship between the barrier height and the ideality factor is 
construed as confirmation of barrier inhomogeneity. For SBD 1, the fitting yields the 
relationship nb 23.0 - 0.17 (eV) for the temperature range 160 – 330 K, and nb 02.0  + 
0.52 (eV) for the range 80 – 160 K. For SBD 2, the linear fitting yields  nb 38.0  + 0.10 
(eV) for the temperature range 200 – 330 K and nb 03.0  + 0.63 (e V) for the temperature 
range 80 – 200 K. 
According to Tung et al. the I-V characteristics of a SBD, having an inhomogeneous barrier 
distribution, may be expressed by the following equation [154] 
  
          (     
   )[    (      )   ] (   )     (9.4) 
where 
kTq  and 
  (
     
     
 (          )   
)    (
    
 (             )
   
     
⁄ )    (9.5) 
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Figure 56 shows the measured and simulated I-V characteristics of SBD1. The simulation 
shown in this figure used the values 57 ohms, 0.59 eV and 1.33 eV for the series resistance, 
for the homogeneous barrier height and for interface band bending of the uniform barrier 
outside the patch respectively.  It is reasonable to argue that figure confirms that the I-V data 
acquired at RT can be simulated accurately via equation 9.4 since realistic values (especially 
of the series resistance) were used in the simulation.   
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Figure 56: Measured and simulated (using equation 9.4) forward and reverse I-V characteristics (at 
300 K) of the Au/ n-GaSb Schottky barrier diode. 
 
9.3 Characteristics of Pd SBDs on epitaxial n-GaSb 
9.3.1 I –V and C-V measurements 
A brief description of the epitaxial material is presented next. The epitaxial n-GaSb:Te layers 
(~3 m thick) were simultaneously grown by metalorganic vapour phase epitaxy (MOVPE) 
on (100) n
+
-GaSb:Te, as well as on (100) SI GaAs, both misoriented by 2˚ towards the 
<110>. The latter was grown exclusively for the purpose of establishing the free carrier 
concentration of the epilayer by Hall measurements.  Both substrates were supplied by 
Semiconductor Wafer Inc. The growth was performed at atmospheric pressure in a horizontal 
quartz reactor using triethyl gallium (TEGa) and trimethyl antimony (TMSb) as precursors, 
while diethyl tellurium (DETe) was used as the dopant source. The substrates were not 
organically cleaned or etched prior to growth.  The free carrier concentration of the n-GaSb 
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epilayer grown on SI GaAs, determined by room temperature (RT) Hall measurements in the 
Van der Pauw configuration, was found to be 51016 cm-3. 
Figure 57 shows typical semi-logarithmic I-V characteristics of the Pd/n-GaSb SBD 
investigated between 80 K and 320 K. Clearly the transport characteristics are complex (see 
encircled regions) and cannot be explained by a single transport mechanism.  For the ensuing 
analysis, it was assumed that current transport across the barrier was mainly due to TE.  The 
barrier height and the corresponding ideality factor at each temperature were determined 
using the slope and the intercept, respectively, of the linear portion of the lnI vs. V plots.  
Deviation from TE was then accounted for by considering thermionic field emission (TFE) 
instead. 
Consider the reverse bias region in Figure 57. It is clear from the gradual decrease in the 
reverse current with decreasing temperature that the transport properties are strongly 
influenced by the temperature.  This behaviour, attributed to the reduced thermal energy of 
carriers, has been explained in section 9.1.  Notably, results of structures on bulk material, 
discussed in section 9.1, and reports on similar device structures, without exception suggest 
severe non-saturating reverse current behaviour. The excessive leakage, which typically has 
been ascribed to quantum mechanical (QM) or trap assisted tunnelling, is largely eliminated 
in this diode. The non-saturating behaviour observed at 160 K and lower, suggests that 
possibly field enhanced or trap-assisted tunnelling starts contributing  to the current at reverse 
voltages exceeding  - 0.25V.  As far as could be established, the almost saturating reverse 
current (up to -1V) shown in Figure 58 for T>160 K, represents the lowest of recent reports 
for a metal semiconductor diode structure on GaSb. 
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Figure 57: Current-voltage characteristics of a Pd/n-GaSb Schottky contact in the temperature range 
80-320 K. 
Next the forward bias region is considered.  At 280 K the I-V curve exhibits linearity over 
almost three orders of magnitude (on the current scale), followed by a deviation from 
linearity at voltages exceeding  0.25 V due to the series resistance Rs of the  interface 
together with that of the GaSb epilayer. Figure 58 shows a plot of d(V)/dln(I) vs. I for the 
Pd/n-GaSb Schottky structures used to evaluate Rs (listed in Table 10) at different  
temperatures, using Cheung’s method [100]. 
 
Table 10: Series resistance (Rs) and the density of carriers to contributing to current NC of Pd/ n-
GaSb SBDs at various temperatures extracted from the least squares fit of dV/d(lnI) vs. I and (1/C)
2
-
V, respectively, in the temperature range 80-320 K 
 
 
 
Temperature  (K) 80 100 122 160 200 240 280 320 
RS (Ω) 224.85 83.01 76.65 73.92 72.85 74.18 52.86 7.24 
NC(C-V)(x10
16
cm
-3
) 0.85 0.84 0.84 7.09 7.16 8.30 8.70 9.61 
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Figure 58: A plot of d(V)/dln(I) vs I and corresponding linear fits for Pd/ n-GaSb SBDs in the 
temperature range 80-320 K. 
The increase in series resistance with decreasing temperature is mainly attributed to the 
decrease in the density of carriers available for current flow in the material at lower 
temperatures. This is confirmed by C-V measurements whose results are plotted in Figure 59 
with the subsequent derived values are displayed in Table 10. 
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Figure 59: (1/C)
2
-V plot of a Pd/n-GaSb Schottky contact in the temperature range 80-320 K. 
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As suggested earlier, the deviation from linearity at lower temperatures (in the forward bias 
region) suggests that the current transport through the Pd/GaSb structure cannot be described  
by a simple TE current transport mechanism and that TFE and possibly other mechanisms 
also need to be considered.  An alternative explanation for the “complex” forward 
characteristics may be provided by considering “patchy” barriers i.e. regions on a SBD for 
which the barier height is significantly reduced. Clearly, the forward characteristics at 240 K 
and lower are – excluding the series resistance region – characterized by essentially two 
regions having different slopes.  At low bias values (slope (i)) the current transport is 
dominated by TFE or generation - recombination via defects at the interface, or possibly by a 
more complex mechanism.  Slope (ii) represents the region where TE dominates. 
Figure 60shows the experimentally determined temperature dependent barrier height and n 
obtained from the I-V curves depicted in Figure 57.  Both these parameters show an inverse 
correlation with temperature, increasing from 0.51 eV to 1.01 eV and from 1.39 to 2.50 at 
320 K and 80 K respectively. The observed increase in the zero-bias barrier height with 
decreasing temperature is analogous to the behaviour of diodes on bulk material.  
It may be noted that reports in literature for similar studies on the electrical properties of 
GaSb rectifying structures are conflicting. Lin et al.  [155], for example, used photo-response 
measurements to study the temperature dependent behaviour of Au/n-GaSb SBDs.  
These authors, in agreement with our results, reported an increase in the barrier height with 
decrease in temperature (from 0.57 eV at 316 K to 0.69 eV at 156 K). Huang et al. [57] 
studied the temperature dependence of the I-V characteristics of Ni/n-GaSb SBDs. In their 
case, however, a decrease in barrier height from 0.49 at 373 K to 0.28 eV at 173 K was 
observed.  The ideality factor, as is the case in this study, was found to increase with a 
decrease in temperature. We restate our argument made in section 9.1 for bulk GaSb SBDs, 
that the carriers will have smaller thermal energy at low temperature, reducing the number of 
carriers with sufficient energy to scale the built-in potential, and consequently reducing the 
thermionic current contribution to the net current crossing the junction. Just as for bulk GaSb 
structures, the increase in the barrier height to values (in the present case) exceeding the band 
gap of the material (0.73 eV at 297 K) raises an interesting point.  The Fermi-level is 
temperature dependent and approaches the valence band edge at low temperatures [156]. We 
reiterate our suspicion that the increased barrier height may possibly be related to the 
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presence of interfacial layers (source of interface states), the most apparent cause being the 
persistent native oxide Ga-O detected [18]. 
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Figure 60: Temperature dependent barrier height and ideality factor of a Pd/n-GaSb Schottky contact 
as a function of the ambient temperature. Also shown here are linear fits to the data. 
 
9.3.2 Deviation from TE and TFE theory 
According to current transport theory, the dominant mechanism associated with a SBD may 
be determined by calculating a tunnelling parameter for the structure.  The tunnelling 
parameter     is given by the following expression [78, 157] 
 
    
  
  ⁄ (
  
    
⁄ )
   
        (9.6) 
 
where ND is the temperature dependent free carrier concentration at the metal semiconductor 
interface, m* is the tunnelling effective mass and εs dielectric constant of GaSb. The 
tunnelling parameter is proportional to the square root of ND, consequently degenerate 
materials are expected to have highly penetrable (narrow) barriers. Typically, field emission 
(FE) is dominant when        , thermionic field emission (TFE) when        and 
thermionic emission TE when        .  Figure 61 depicts the E00/kT values as function of 
temperature.  For values approaching 1, TFE should be the dominant process.  It is instructive 
to note that the ideality factor n is a measure of the degree to which the current transport in a 
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SBD is described exclusively by TE.  An ideality factor of 1 reflects pure thermionic 
emission. Should the transport mechanism be more complex and involve both TE and TFE 
(or other mechanisms), the ideality factor is adjusted to account for tunnelling as described by 
equation 9.6, leading to the following equation [106, 158] 
 
     (
    
  ⁄ )     (
    
  ⁄ )      (9.7) 
 
The symbols have their usual meaning.  Figure 61 depicts E00/kT values as function of 
temperature (open circles) together with a comparison between the values of      (open 
squares) and the experimentally obtained (solid squares) temperature dependent values for 
the ideality factor. 
Comparing      with the experimentally determined ideality factor - using the slope of the 
linear section of the logarithm of the current plotted against the diode potential - suggests 
complex current transport. 
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Figure 61: E00/kT values as function of temperature (open circles) and a comparison between the 
theoretically determined (assuming TFE - open squares) and experimentally obtained (solid squares) 
ideality factors. 
Considering the E00/kT values shown in Figure 61, it is reasonable to assume that both TE 
and TFE or even more complicated mechanisms should be at play in the temperature range 
investigated (80-320 K).  The current in a forward biased SBD, considering thermionic 
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emission as the dominant charge transport mechanism, is given by equation 9.2, and equation 
9.3 is an expression for the saturation current.  
Linearizing equation 9.3 allows the effective barrier height and the Richardson constant to be 
extracted and should the transport be dominated by TFE, then equation 9.3 is expressed by 
[159] 
   (  
 √    (      ))       (
   
  
)⁄    (
 
  ⁄  
(    )
  
⁄ ) (9.8) 
where      ⁄   (
  
  
⁄ ) is the energy of the Fermi-level relative to the bottom of the 
conduction band of the semiconductor.  The tunnelling factor E0 in the above equation is 
given by [159] 
          (
   
  
)         (9.9) 
Figure 62 compares the tunnelling factor E0 as a function of temperature, calculated using 
equations 9.1 TE and 9.8 TFE, respectively, to the experimental values for E0 using the 
measured ideality factor. The experimentally determined tunnelling parameter clearly does 
not correlate with that predicted by either TE or TFE, confirming the view that a complex 
transport mechanism may be at play in these Pd/n-GaSb (epitaxial) SBDs.   
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Figure 62: E0 as function of temperature calculated using TE and TFE respectively compared to the 
experimental values for E0.   
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Furthermore, the large difference between the experimentally obtained ideality factor (Figure 
62) and that of a SBD for which TFE is dominant (plotted in Figure 62) can be attributed to a 
larger contribution (to the junction current) by carriers able to tunnel through the barrier [145, 
146].  
Figure 63 shows a plot of   (   
 ⁄ )    (     ⁄ ), the so-called “conventional” Richardson 
plot, for the Pd/n-GaSb SBD used in this study. Such a plot is very useful in studying the 
temperature dependent transport behaviour through a SBD.  A linear relationship between 
  (   
 ⁄ ) and (   ⁄ ) will confirm TE as the dominant transport mechanism. 
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Figure 63: A plot of the ln(Is/T
2
) vs. (1000/T) for the Pd/n-GaSb Schottky contacts (open circles). The 
dotted line represents a linear fit for the linear potion of the curve (T>160 K). 
 
Two distinct regions are identified: the high temperature region (T > 160 K) where the 
relationship is clearly linear and a low temperature region (<160 K) where a gradual 
deviation from linearity is seen.   Clearly, thermionic emission describes the transport 
behaviour down to approximately 160 K, but fails to do so at lower temperatures. A linear fit 
to the data in the appropriate region resulted in a barrier height of 0.31 eV and a Richardson 
constant, A*, of 1.38  10-3 Acm-2K-2. The barrier height is significantly lower than the 
average value in this temperature range, as depicted in Figure 60.  The Richardson constant 
too is significantly lower than the accepted value of 5 Acm
-2
K
-2
 for epitaxial n-GaSb films 
[61]. Since    is extracted from the intercept of the Richardson plot, this large difference can 
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partially be explained by realising that any uncertainty in the data will be exaggerated upon 
extrapolating      ⁄    .  Furthermore, the increase in the ideality factor with decrease in 
temperature together with the low value obtained for the Richardson constant may point to 
inhomogeneity of the barrier height [160, 161]. The construction of this Richardson plot is 
based on the assumption that the current through the device is purely due to the thermionic 
emission i.e. a diode for which n is 1. It is customary, in practice, to account for the non-ideal 
behaviour by allowing n to assume values greater than unity in the saturation current 
expression 
     
       (
   
   
)
         (9.10)
 
       
 
Plotting   (   
 ⁄ )    (       ⁄ ) should therefore result in a straight line graph. Figure 64 
shows an attempt at such a plot. 
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Figure 64: An adjusted Richardson plot as expressed in equation 9.10 where the non-ideal nature of 
the Pd/ n-GaSb SBDs has been taken into account. 
 
A least squares fit of data on this adjusted Richardson plot (for the linear region) results in a 
barrier height of 0.80 eV, while a crude, somewhat imaginative analysis of the data in the low 
temperature region suggests a reduced barrier height with an “estimated” value of 0.26 eV.   
 Next the thermionic field emission theory is used to determine the temperature dependent 
barrier height by plotting    ((      (
   
  
)⁄ )  ⁄ )        ⁄   (rearranged from equation 9.8).   
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TFE will be dominant if this relationship is linear.  Figure 65 depicts a plot of the measured 
saturation current against the tunnelling factor E0 for the Pd/n-GaSb structure studied.  
Evidently, TFE too does not account for the observed current transport behaviour. 
Furthermore, a second slope could possibly be associated with the low temperature region, 
suggesting a lower barrier height here.  Clearly, charge transport in the Pd/n-GaSb structure is 
not adequately explained by either TE or TFE for the entire temperature region investigated.  
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Figure 65: The measured saturation current plotted against the tunnelling factor 1/E00 for the Pd/n-
GaSb structure studied.  Note the possibility of a second, much lower barrier height in the low 
temperature region. 
It is not unusual for diode parameters to vary from one contact to another even though they 
have been fabricated from the same materials and under the same experimental conditions 
[162]. Regarding GaSb, in the XPS study presented in chapter 6, the persistent presence of a 
native oxide layer together with elemental Sb has been confirmed on the GaSb surface, 
despite thorough cleaning, etching and sulphur passivation.  It is therefore reasonable to 
assume non-uniformity at the MS interface resulting in lateral inhomogeneity of the barrier 
height. Considering this, the barrier height may not only vary across a sample from one SBD 
to the next (as much as 15% in this study) but also within a single SBD. The measured barrier 
height (using equations 9.8 or 9.10) is consequently an average (ϕb,mean) of a series of 
Gaussian distributed barrier heights characterised by a standard deviation of σs.  This 
inhomogeneity may be confirmed by a linear relationship between the temperature dependent 
barrier height and the associated ideality factor [160, 162]. Figure 66 shows a plot of the 
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barrier height as function of n(T) for results obtained in this study. The plot exhibits linearity 
and therefore confirms barrier inhomogeneity in these diodes.  
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Figure 66: Temperature dependent barrier height versus the temperature dependent ideality factors of 
a Pd/n-GaSb Schottky contact. The solid line is a linear fit to the data. 
 
According to the inhomogeneity model, the temperature dependence of the barrier height is 
defined by an average barrier height associated with a standard deviation and is expressed as 
follows [126, 150]  
          
   
 
   
         (9.11) 
Although σs is temperature dependent, the dependence is very small and usually neglected 
[163]. In addition to the barrier height, the “apparent" ideality factor is also temperature 
dependent and is expressed by [126, 150] 
 
 
       
   
   
         (9.12) 
Here ρ2 and ρ3 are voltage deformation coefficients of the BH distribution. Figure 67 shows 
plots for ϕb and (
 
 
  )
 
respectively vs q/2kT from the experimentally obtained data.  
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Figure 67: The temperature dependence of the apparent barrier height and ideality factor for the Pd/n-
GaSb structure investigated. 
Two linear regions clearly define the behaviour of the barrier height with q/2kT. In region 1, 
ranging from 80-140 K, we have a Gaussian distribution defined by a ϕb,mean of 0.59 eV and a 
standard deviation at zero-bias of 0.07 eV. In region 2, ranging from 140-320 K, the Gaussian 
distribution gives a ϕb,mean of 0.25 eV and a corresponding deviation of 0.12 eV. The possible 
identification of two different slopes for the ideality factor is less conspicuous.  A linear fit of 
the data, excluding the 320 K point, yields a straight line in accordance with equation 9.12 
with voltage coefficients of ρ2 = 0.325 and ρ3 = -0.005. This confirms the voltage deformation 
of the Gaussian distribution of the barrier height. We conclude that the barrier height is 
characterised by inhomogeneity with a double Gaussian distribution in two temperature 
ranges. In the lower range, i.e. 80 -140 K, the mean BH is higher and has a standard deviation 
of around 10% while in the higher temperature range, i.e. 140-320K, the mean barrier height 
is 0.25 eV with a standard deviation of almost 50%. These results seem to confirm 
inhomogeneity of the barrier and that this drastically affects the I-V characteristics of the Pd/ 
n-GaSb SDBs in the higher temperature range investigated.  
An evaluation of the density of interface states in equilibrium with the semiconductor was 
carried out at each of the temperatures using the same procedure as in chapter 8, as proposed 
by Card and Rhoderick [188] for the Pd/ n-GaSb SDBs. Figure 68 depicts the resulting 
dependence of Nss on Ec- Ess. 
An evaluation of the density of interface states in equilibrium with the semiconductor was 
carried out at each of the temperatures using the same procedure as in chapter 8, as proposed 
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by Card and Rhoderick [105] for the Pd/ n-GaSb SDBs. Figure 68 depicts the resulting 
dependence of Nss on Ec- Ess. 
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Figure 68: Density of interface states Nss as a function of Ec –Ess deduced from the I-V data at various 
temperatures 
It appears that the density of interface states in the epitaxial GaSb is generally high, though 
comparatively lower than in bulk material (~ 1.9 x 10
14 eV-1 cm-2 at 320 K for epitaxial 
material and ~ 4.5 x 10
14
 eV
-1
 cm
-2
 at 300 K for bulk material). It exhibits an exponential 
increase towards the conduction band at each temperature and decreases with increasing 
temperature (Nss = 9.2 x 10
14
 eV
-1
 cm
-2
 at 80 K; Nss = 1.9 x 10
14
 eV
-1
 cm
-2
 at 320 K). The 
decrease with increasing temperature is attributed to molecular restructuring and reordering 
of the MS interface under the influence of temperature [151]. 
 
9.4 Summary and conclusions 
The current transport of Au/n-GaSb (bulk) and Pd/ n-GaSb (epitaxial) SBDs was investigated 
by means of I-V-T measurements in the temperature range 80-330 K and 80-320 K 
respectively. The ideality factor increased with decreasing temperature while the barrier 
height, uncharacteristically (when compared to most semiconductors), increased with 
decreasing temperature in both structures. The series resistance too increased with decreasing 
temperature, and is ascribed to a reduction in carrier density at low temperatures.  
132 
 
Furthermore, a linear relationship was found to exist between the barrier height and the 
ideality factor, confirming the inhomogeneity of the barrier height.  The source of the 
inhomogeneity may be localized interface states or traps, perturbing the field below the 
barrier. A Richardson plot for the Pd/n-GaSb SBDs yielded an average barrier height and a 
Richardson constant smaller than the accepted value for GaSb, strengthening the argument 
that the barrier is inhomogeneous. This non-uniformity is correlated with the presence of an 
interfacial layer between the metal and the semiconductor.  Indeed, the barrier was found to 
have a double Gaussian distribution. A plot of the barrier height, ϕb vs 1/2kT revealed a 
double Gaussian distribution for the barrier height with ϕb,mean assuming values of 0.59 eV  
0.07 (80-140 K) and 0.25 eV  0.12 (140-320 K) respectively. The density of interface states 
was calculated to be comparatively lower in epitaxial material compared to bulk material. 
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Chapter 10 
Laplace deep level transient spectroscopy of electron traps in epitaxial 
metalorganic chemical vapor deposition grown n-GaSb 
10.1 Introduction 
Deep level transient spectroscopy (DLTS) studies of electrically active defects reports on 
GaSb are rather limited and sketchy. The key reasons for this being firstly that material of 
sufficiently low free carrier concentration and quality that permits the fabrication of suitable 
rectifying devices is not readily available and secondly that the GaSb surface oxidizes 
spontaneously, consequently characterizing the surface of this material with inhomogeneous 
stable native oxides as well as recombination centers [4]. Various metals, including Au, Ag, 
Cr, Ga, and Sb have been used to establish a suitable barrier between the metal and the GaSb 
surface but in all cases, the barrier height seem to be relatively independent of the metal work 
function, suggesting that the Fermi level is pinned at the interface, roughly 0.1–0.2 eV above 
the GaSb valence band. Fermi level pinning on (110) n-type GaSb is attributed to the 
presence of electronic states related to atomic Ga on the Sb vacancy site in conjunction with 
surface Ga vacancies [121, 164]. 
The most fatal characteristic of GaSb SBDs is the persistence of the non-saturating reverse 
leakage current, ascribed to these mid-gap recombination centers and surface leakage or by 
band to band tunnelling at higher bias. There seems to be consensus in literature that a dopant 
related recombination center, electron trap in n-GaSb may partially be responsible for the 
severe leakage [4]. Depending on the growth method and carrier concentration, the activation 
energy for this defect is reportedly ranging between 0.2 eV and 0.35 eV. Polyakov et al. [58] 
performed DLTS measurements on Te doped n-GaSb (10
16
 cm-
3
) and found an electron trap 
0.25 eV below the conduction band minimum. Mason and Waterman [60] reported an 
electron trap around Ec-0.21 eV in extremely low doped GaSb (1.71x10
15
 cm
-3
) using Ga2Te3 
as a source for the electron donor. Although there is a large difference in reported energy 
values, most authors believe that the observed electron trap may be attributed to the same 
defect and is related to the Te donor. As far as could be established, there are no reports in 
literature on deep levels shallower than 0.2 eV in GaSb. 
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As of late, high-resolution Laplace DLTS has become a standard technique, used for studying 
the thermal emission of carriers from defects. It may resolve defect levels for which the 
emission rates differ by as little as a factor of 2 [165]. In this study, high resolution Laplace-
DLTS was used to determine the temperature dependent emission rates of the defects 
mentioned in the previous paragraph, while their signatures were inferred from Arrhenius 
plots in the conventional manner. Au Schottky contacts on epitaxial GaSb fabricated as 
described in section 5.6.6 of chapter 5 were used in this investigation. Typical I-V 
characteristics of these SBDs have been displayed in Figure 42 of chapter 7. 
Although the general theory has been provided for DLTS in chapter 4, it was found necessary 
to summarize the measurement conditions, processing procedure and where possible refer to 
specific sources here and the following applies; DLTS spectra were recorded at a scan rate of 
3 K/min in the temperature range of 15–300K using a rate window of 80 Hz. Unless stated 
otherwise (for both conventional and Laplace-DLTS), the reverse bias and filling pulse were  
-1V and 1V respectively, while the pulse width was typically 1ms. The electrical properties 
of the traps were analysed using the well-known thermal emission rate (en) equation [78]. The 
activation enthalpy Ec-ET (the difference in energy between the bottom of the conduction 
band (Ec) and the defect level (ET)), and apparent capture cross sections (σna) were 
determined from the slope and y-intercept, respectively, of a log (T
2
/en) versus (1000/T) 
Arrhenius plot. For Laplace DLTS, multiple transients were recorded and averaged at the 
predetermined fixed temperatures. This was necessary in order to maximize the signal to 
noise ratio which should preferably be >1000. From this, a spectral density function was 
obtained. An inverse Laplace operation was then performed from which the spectral peak/s 
(emission rate/s) was/were obtained [165]. 
 
10.2 DLTS Spectra 
Figure 69 shows typical DLTS spectra obtained from the Au Schottky contact on epitaxial 
GaSb. Spectrum (i) shows a broad peak around 220 K which is clearly asymmetrical towards 
the low temperature side, suggesting that it is composed of more than one defect. Figure 70 
shows a Laplace DLTS spectrum acquired at 230 K, clearly confirming the composite nature 
of this peak. Annealing the sample at 400 K for 15 min, with the reverse bias enabled, 
resulted in a significant decrease in overall accumulative defect concentration, accompanied 
by a “shift” in peak position towards lower temperatures (spectrum (ii)).  
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Annealing consequently exposed a “new” defect state. This defect was found to be unstable 
and spontaneously transformed to a “stable state” over a number of days (iv). The weaker 
capacitance signal for spectra (ii) and (iii) compared to spectrum (i) is the consequence of a 
shorter filling pulse (Tp= 0.1ms) used. The transformation from (ii) to (iv) is evident in 
spectrum (iii). Apart from the pulse width, the bias conditions were the same as described 
earlier. Figure 69 spectrum (iv), depicts a DLTS spectrum of the defect in its “stable state.” 
This defect showed Poole-Frenkel field dependence and will be discussed in more detail later. 
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Figure 69: DLTS spectra obtained from an Au Schottky contact on epitaxial GaSb. Spectrum (i) 
shows a broad acceptor-like (en>eh) peak around 220 K. Spectrum (ii) was obtained after annealing at 
400 K for 15 min with the reverse bias (-1V) enabled. A rate used window of 80 Hz was used. The 
reverse bias and filling pulse were -1V and 1V, respectively. 
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Figure 70: Laplace DLTS spectrum of the defect detected around 220K in the as grown material, 
revealing the composite nature of this defect. The spectrum was acquired at 230K. 
 
Figure 71 depicts Arrhenius plots for the electron traps depicted in spectrum (i), (ii), and (iv), 
respectively. The activation energy for the defect in spectrum (i) is Ec-0.295 eV while that for 
the defect in spectrums (ii) and (iv) is Ec-0.243 eV and Ec-0.167 eV, respectively. As already 
mentioned, information on deep level defects in GaSb is rather limited and the values 
reported in literature appear to be rather differing. The defect in spectrum (i) may possibly be 
similar to the defect in Te doped n-GaSb (10
16
 cm
-3
) reported by Polyakov et al. [58] who 
found an electron trap 0.25 eV below the conduction band minimum. Mason and Waterman 
[60] reported an electron trap around Ec-0.21 eV in extremely lowly doped GaSb (1.71x10
15
 
cm
-3
) using Ga2Te3 as a source for the electron donor. No report for defects with activation 
energy less than 0.20 eV below the conduction band could be found. It should be noted that 
no attempt was made to study the possible presence of hole traps in the n/n
+
 structure. 
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Figure 71: Arrhenius plots for defects detected in MOCVD grown (5x10
16
 cm
-3
) n-GaSb. The 
activation enthalpy for all three electron traps was recorded at a reverse bias of -1V. 
 
Figure 72 shows the spatial distribution profiles of the Ec-0.167 eV and the Ec-0.243 eV 
electron traps, respectively. The depth profiles, determined using the constant bias, variable 
pulse approach as proposed by Zohta and Watanabe [166] are typical of defects 
predominantly confined to the semiconductor surface. 
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Figure 72: Spatial distribution profiles of the Ec-0.167 eV and the Ec-0.243 eV electron traps, 
respectively. The defects are clearly confined to the surface. 
 
10.2.1 Field dependence of Ec-0.167 eV 
This section starts by a brief outline of the general procedure but is at other times specific to 
the procedure followed in investigating the field dependence of Ec-0.167 eV. Considering the 
process of detailed balance, it is clear that under equilibrium conditions, the emission and 
capture rate of a particular defect should be the same. Consequently, the defect population 
rate change dtdn /  must be zero. The electron emission rate of a defect can, therefore, be 
expressed in terms of its accompanied capture rate [78] 
)( 00000000 TTnTnTn nNncPncne         (10.1) 
 where NT is the density of generation-recombination (G-R) centers occupied by both 
electrons and holes, n0 and nT0 are the equilibrium (t = 0) free carrier concentration and trap 
concentration, respectively. The latter two are, respectively, expressed as 
kTEE
i
iFenn
/)(
0
          (10.2) 
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Tn

        (10.3) 
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Combining equations (10.2) and (10.3) gives an expression for the emission rate in terms of 
the capture rate and the energy position of the defect within the band gap 
)e(1c
/)(
n00
kTiEFE
in ne

         (10.4) 
With 
e
ne

1
 and ,thn vc  we may express the emission rate in terms of the time constant  
( e ) related to the depopulation transient 
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From the above equation, it is clear that any perturbation to the potential well (to which the 
carrier is confined) will result in a change in the emission rate of the carriers trapped to a 
defect. The Poole-Frenkel mechanism is expected to dominate field enhanced emission from 
a trap present in the depletion region of a reverse biased SBD under low field conditions 
(~10
5 
V/m) [166]. For the Poole-Frenkel effect to be observed in n-type material, it is 
necessary for the defect to be positively charged when empty and neutral when charged. 
Emission occurring via the PF effect from a one-dimensional (1D) coulombic well is 
described by the following equation [167, 168] 
kTEeEe /exp)0()(           (10.6) 
where e(0) is the charge emission rate in the absence of an electric field,   2/13 / q and q, 
e, k, and T have their usual meaning. Ganichev et al. suggested a simple criterion to 
distinguish between the 1D Poole-Frenkel effect and phonon-assisted tunnelling. According 
to Ganichev et al., [166, 169, 170] phonon assisted tunnelling is possible for defects in all 
charged states and will dominate for moderate electric fields (10
7
 –108 V/m). The model put 
forward by Karpus and Perel for phonon assisted tunnelling yielded the following analytical 
expression for the field dependent emission rate [169, 171, 172] 
22 /
exp)0()( sticcharacteri
EE
eEe          (10.7) 
with sticcharacteriE  being the characteristic field strength. It is, therefore, clear that linearization 
of equations (10.6) and (10.7) should render a straight line when ln(e) is plotted against the 
E  and E2 in the case of Poole-Frenkel and phonon-assisted tunnelling, respectively.  
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Figure 73 shows the emission rate of the trap (labelled as Ec-0.167 eV) as a function of the 
applied electric field present in the depletion region of the reverse biased SBD.  
The measurement temperature ranged between 180K and 200 K, while the applied electric 
field was varied between ~1.0 x10
5
 V/m and 2.0x10
5
 V/m. Evidently the electron emission 
from this trap is enhanced non-linearly by the application of increasing electric fields. 
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Figure 73: Emission rate dependence on the applied electric field for the electron trap observed 167 
meV below the conduction band. The emission rate was determined from LDLTS measurements 
using the double pulse technique (difference DLTS). The applied reverse bias ranged between -1V 
and -3.5 V. The solid lines serve as a guide to the eye. 
 
Figures 74 and 75 show the dependence of ln(e), obtained at 180 K, 190K, and 200K, 
respectively, on the square root ( E ) (Fig 75) and the square (E2) (Figs 76) of the electric 
field for the electron trap identified as Ec-0.167 eV.  
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Figure 74: The linear dependence of the logarithm of the emission rate of Ec - 0.167 eV on the square 
root of the electric field for three different temperatures. The solid lines correspond to a fit of 
kTEeEe /exp)0()(  .  
  
  
  
  
  
  
  
  
  
  
  
L
n
  
142 
 
1.30x10
10
2.60x10
10
3.90x10
10
100
1000
 
 
L
o
g
 e
m
is
si
o
n
 r
at
e 
(s
-1
)
(Electric Field)
2
(vm
-1
)
2
 200 K
 190 K
 180 K
 
 
Figure 75: The linear dependence of the natural logarithm of the emission rate of Ec - 0.167 eV on the 
square of the electric field for three different temperatures. The solid lines serve as a guide to the eye. 
 
Clearly, ln(e) is proportional to the E . Fig 75 affirms this result and also suggests that 
phonon-assisted tunnelling is not pertinent for this defect. It is consequently concluded that 
the enhanced field assisted emission is due to the Poole-Frenkel effect rather than phonon-
assisted tunnelling. In n-type material, manifestation of the Poole-Frenkel effect generally 
suggests positively charged trap after emission of the carrier, whereas the absence, thereof, is 
interpreted as the trap being either negatively charged or neutral. The results presented here, 
however, strongly suggest that Ec-0.167 eV is, in fact, a positively charged defect center. 
Figure 76 depicts the ionization levels of defects in the band gap of GaSb determined by 
Hakala et al [173] using “First principles Total-energy Calculations” [168]. 
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Figure 76: Ionization levels of intrinsic defects in the band gap of GaSb as determined from “First-
principles Total-energy Calculations” [168] Note that the ionization state becomes more negative as 
the Fermi level rises above the defect state (i.e., the defect accepts an electron). 
 
None of these intrinsic defects, except the antimony vacancy VSb 
+1/0
 (0.18 eV) are acceptor-
like though. The activation energy of this defect, measured relative to the conduction band is 
~0.54 eV. Burdiyan et al. [174] identified a foreign impurity, apparently related to Fe, 
160meV below the conduction band. There is, however, no obvious explanation for why Fe 
would be introduced during the MOVPE growth of the epilayer or during any of the device 
processing steps. It must, however, be pointed out that such a defect has been detected 
previously in an alloyed n
+
p-junction [174, 175]. In addition to this, Fe
2+
 present on a Ga site 
should act as an acceptor, Fe
2+/+3 
(in accordance with the convention adopted in Figure 76).  
Previous XPS studies by us suggest that the GaSb surface contains elemental Sb and native 
oxides. Interstitial or substitutional (on either the Ga or Sb sites) O would not explain the 
origin of this defect since in these configurations, oxygen will act as a donor-like trap (i.e. 
negatively charged). The origin of the 167meV electron trap is, therefore, as yet unidentified. 
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10.3 Summary 
In summary, low carrier concentration Te-doped epitaxial n-GaSb layer grown by MOVPE 
on bulk Te doped (100) n
+
-GaSb, Au SBDs with, by comparison to reported data, very low 
reverse leakage and excellent rectification ratios were successfully fabricated. These films 
showed reasonably uniform electrical response across the surface. Conventional DLTS and 
high resolution Laplace DLTS were used to study defects in Te-doped epitaxial n-GaSb layer 
grown by MOVPE on bulk Te doped (100) n
+
-GaSb. Three prominent electron traps, 0.167 
eV, 0.243 eV, and 0.295 eV below the conduction band were detected in this material. Ec-
0.167 eV shows Poole-Frenkel emission enhancement and is consequently identified as a 
positively charged defect center. 
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Chapter 11 
11.1 Conclusions 
As mentioned at the beginning of this thesis, the III-V antimonides in general have poor 
surface electronic properties resulting from high surface state densities. GaSb in particular 
oxidises readily, even at room temperature, resulting in the formation of a native oxide layer, 
as well as deposits of elemental antimony (Sb) at the oxide/substrate interface.  As-grown 
GaSb is consequently characterised by a high density of surface states, many of which are 
classified as non-radiative recombination centres.  
The main foci of this study were to develop methods to de-oxidise and stabilize the highly 
reactive GaSb surface, to develop diode structures to demonstrate the improved interface 
characteristics, and to use current–voltage measurements to quantify the surface state density 
of the improved surfaces.   SBDs of suitable quality were also used to probe the near surface 
region for electrically active deep levels.  
SEM, AES and XPS have been used to study the  surface morphology and chemical 
composition of (100) n-GaSb surfaces following treatment with the commonly used sulphur 
based chemicals, Na2S:9H2O (treatment B) and (NH4)2S (treatment C) and then ([(NH4)2S / 
(NH4)2SO4] + S) (treatment D), the latter not previously reported for the treatment of (100) n-
GaSb surfaces.  Dektak profiling confirmed that treatments C and D etch the GaSb surface.  
The etch rate ( 0.1 m/min) is similar for treatments C and D up to approximately 12 
minutes, where after it increases 3 fold to  0.3 m/min for treatment D.   The initial low yet 
similar etch rates may be attributed to the resistance of the native oxides present on the GaSb 
surface against chemical removal.  
XPS results show the presence of native oxides (Ga2O3, Sb2O3/Sb2O5) and mainly 
adventitious carbon on the surface of as-received GaSb. Treatment of the material in any of 
the sulphur-based solutions employed, resulted in the partial removal of the oxides from the 
surface. Analysis of the Ga 3d core level spectrum showed that the more stable oxide, Ga2O3, 
is only partially removed in all the treatments.  Both Sb2O3 and Sb2O5 are more effectively 
removed by treating the surface with ([(NH4)2S/(NH4)2SO4] + S), than with Na2S:9H2O or 
(NH4)2S.  Additionally, XPS depth profiles suggested that the thickness of these native oxides 
and the sulphide layer deposited during the course of the sulphur treatment cannot be more 
than 8.5 nm.   
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For the purpose of finding the optimal SBD scheme on GaSb, Au, Pd and Al Schottky barrier 
diodes were fabricated on as-received bulk Te doped n-GaSb (100).  Without exception, the 
SBDs displayed non-ideal behaviour as suggested by the high ideality factor.  Furthermore, 
the reverse leakage current for all these SBD schemes was high and non-saturating. 
Isochronal annealing of the SBDs at 200 °C marginally improved the Au contact quality, 
while for Pd an Al it did not change significantly. Subsequent annealing at higher 
temperatures resulted in the deterioration of the Au and Pd contacts, while for Al the contact 
quality generally improved up to 600 °C. As expected, Au, Pd and Al SBDs fabricated on 
epitaxial MOVPE grown n-GaSb were of better quality than their  counterparts on bulk GaSb 
and importantly revealed a saturating reverse current up to -3V in the case of the Au SBD. 
Despite the improvement, all three metal contacts on epitaxial material were not ideal and 
seemed to be controlled by substantial concentrations of interface states, contributing 
significantly to the high non-saturating reverse currents that were generally observed.   
Treatment of the GaSb surface by sulphur-based chemicals prior to contact fabrication 
generally improved the quality of SBDs on bulk GaSb. The improvement is most 
significant/effective following treatment with ([(NH4)2S/(NH4)2SO4] + S), as evidenced by an 
improved barrier height, a lower reverse leakage current, a reduced series resistance and a 
reduced ideality factor. The improvement can be attributed to a removal of surface oxides 
(confirmed by XPS), which lowers the surface state density. Furthermore, treatment of the 
GaSb surface prior to Au contact deposition seems to enhance the thermal stability of the 
SBD.  This is probably due to the formation of sulphur complexes on the surface that act as a 
diffusion barrier to the deposited metal.  
The current transport of the Au/n-GaSb (bulk) and Pd/n-GaSb (epitaxial) SBDs was 
investigated by means of I-V-T measurements in the temperature range 80-330 K. The 
ideality factor and the series resistance increased with decreasing temperature. 
Uncharacteristically (when compared to most semiconductors) the barrier height also 
increased with decreasing temperature for both the bulk and epitaxial SBD schemes. 
Furthermore, a linear relationship exists between the barrier height and the ideality factor, 
confirming the inhomogeneous nature of the barrier between the metal and the 
semiconductor. A Richardson plot for the Pd/n-GaSb SBD yielded an average barrier height 
and a Richardson constant smaller than the accepted values for GaSb, strengthening the 
argument that the barrier is inhomogeneous. This observation is correlated with the presence 
of a non-uniform interfacial layer between the metal and the semiconductor, causing localised 
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deformation in the periodicity of the lattice potential.  A plot of the barrier height, ϕb vs q/2kT 
revealed a double Gaussian distribution for the barrier height with ϕb,mean assuming values of 
0.59 eV  0.07 (80-140 K) and 0.25 eV  0.12 (140-320 K), respectively. Conventional 
DLTS and high resolution Laplace DLTS were used to study electrically active defects in Te-
doped epitaxial n-GaSb layers grown by MOVPE on bulk Te doped (100) n
+
-GaSb. Three 
prominent electron traps, 0.167 eV, 0.243 eV, and 0.295 eV below the conduction band were 
detected in this material. Ec-0.167 eV shows Poole-Frenkel emission enhancement and is 
consequently identified as a positively charged defect center. 
11.2 Future Work 
This study shows that reasonable quality SBDs, with saturating reverse leakage currents can 
be fabricated successfully on mid-10
16
 cm
-3
 epitaxial n-GaSb.  The following suggestions are 
proposed to gain a better understanding of the GaSb interface and its effect on the electrical 
properties of SBD devices. 
1. A detailed high resolution TEM study of the interface between Au/or Pd and as-
received and sulphurised (with ([(NH4)2S/(NH4)2SO4] + S)) epitaxial GaSb.   
2. An interesting approach for de-oxidizing the GaSb surface and preventing re-
oxidation may be to clean it, in-situ, with a low energy inductively coupled plasma 
(ICP) prior to SBD fabrication.  
3. A detailed study of electrically active defects in GaSb has been limited due to the lack 
of good quality rectifying devices.  It will be useful to study the defects observed in 
this study in more detail.  
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